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ABSTRACT 
Maize (Zea mays L.) is a monoecious plant, having separate staminate and pistillate 
flowers. Staminate flowers are located at the end of the stem while pistillate flowers arise 
from nodes located around the mid part of the plant. Because of this anatomical arrangement, 
cross pollination is the normal for maize to reproduce. Typically male and female parents are 
crossed to produce hybrid seed. It has been reported that maize pollination is a predictable 
process that can be quantified and used for modeling kernel set under limited pollen 
conditions. Simulation models that use flowering characteristics to predict kernel set are an 
important tool for improving inbred management in seed com production fields. However, 
the time needed to generate is an impediment to adoption. It has also been reported that these 
models overestimate actual kernel number. Typical growing conditions in hybrid seed 
production define an environment where source and sink limitations occur concurrently, the 
combination of genotype and growing condition will determine which limitation 
predominates. The accuracy of kernel set simulations could be improved using a plant growth 
model that incorporates both sink and source limitations for kernel set. Chapter 2 provides a 
novel technique for estimating the dynamics of silk exsertion in maize. Chapter 3 extends the 
use of this technique to determine the minimum number of measurements needed to quantify 
silking dynamics reliably. Chapter 4 presents possible causes behind differential kernel set 
across the female block in seed com production fields. Chapter 5 validates an experimental 
model that integrates both source and sink limitations to predict kernel set. 
1 
CHAPTERl.GENERALINTRODUCTION 
Introduction 
Maize (Zea mays L.) is a monoecious plant, producing separate staminate and 
pistillate flowers. Staminate flowers are located at the apex of the stem, while pistillate 
flowers arise on axillary branches (Kiesselback, 1999). Because of this anatomical 
arrangement, maize reproduction is predominately by open pollination. The hybrid seed 
production industry takes advantage of these flowering characteristics to cross male and 
female inbreds (Hallauer, 1987). Maturities of male and female parents are usually different, 
and because of that delay techniques are practiced by seed industry to achieve a good 
synchrony at pollination (Wych, 1998). 
A delay in silk emergence, either by any stressful condition (Hall et al., 1982) or by 
an inadequate delay between male and female parents, reduces the chances of adequate 
pollination in seed production. It has been reported that a minimum amount of pollen grains 
is required for setting kernels (Sadras et al., l 985a). Large scale field studies demonstrated 
that when the intensity of pollen shed fell below 100 pollen grains cm·2 d-1, kernel set for a 
given day decreased sharply (Bassetti and Westgate, 1994). 
Compared to commercial hybrids used nowadays male parents used in seed 
production fields usually produce less quantity of pollen. Uribelarrea et al. (2002) described 
that pollen production in modem hybrids was in the range of 9.6 to 11.3 million grains per 
plant. On the other hand, Fonseca et al., (2003) reported values of pollen production for 
inbreds in the range of 0.9 to 2.9 million grains per plant. Typically males are planted only in 
a small fraction of the field. The surface planted with the male parent is defined by 
considering the amount of pollen produced per plant. The goal in seed com production is try 
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to reduce as much as possible the proportion of male planted in a field without affecting yield 
and seed genetic quality (Wych, 1988). These conditions define a low pollen density 
environment. 
Silk receptivity and pollen viability are affected by environmental conditions, which 
reduce the chances of obtaining adequate pollination in seed com production fields. Pollen 
viability is affected by high temperatures but not by water stress (Hall et al., 1982; Schoper et 
al., 1986). Westgate and Boyer (1986) reported that at low silk water potentials, failure of 
grain formation was due to factors in the female flower that affected embryo development. 
They found, though fewer in number, pollen tubes were present in silks with low water 
potential. In very dry conditions, even if pollination was successful, fewer kernels developed 
because photoassimilate production was reduced (Westgate and Boyer, 1986). Pollen tube 
growth is usually slower under stressful conditions (Bassetti and Westgate 1993a). Pollen 
grains fail to reach the ovary and then fertilization does not occur only after silks have 
senesced. Bassetti and Westgate (1993a) demonstrated that fertilization was produced when 
low water potential (\llw) silks were pollinated and kernel set was affected by ovary 
malfunction but not by silk failure. Environmental conditions during pollination can 
dramatically affect kernel set, reinforcing the critical importance of achieving synchrony 
between male and female parents in seed com fields. 
In recent years, the commercial "life cycle" of inbreds and hybrids has become 
shorter. They are usually replaced by new materials with better agronomic characteristics, 
and the recent introduction of transgenic traits and the need to make them rapidly available 
for farmers has made the "life cycle" of a commercial genotype even shorter (Duvick and 
Cassman, 1999). Due to these changes in the seed industry, the opportunities to ensure floral 
synchrony using previous experience with a given inbred pair have been sharply reduced. 
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Crop growth models have been used for more than 30 years to integrate the 
knowledge of plant physiological processes and to explain how a crop develops as an 
integrated system and responds to environmental conditions (Bouman et al., 1996). A model 
is a simplification of the system that can be analyzed at the physiological or agronomic levels 
(Goudriaan and van Laar, 1994). Simulation models describing maize flowering dynamics 
have been proven to be valuable tools in helping achieve a good synchrony between parents 
during the first production season (Lizaso et al., 2003; Fonseca et al., 2004). Maize flowering 
simulation models have been developed to improve the understanding of the pollination 
process and kernel set under different conditions (Sadras et al., 1985b; Lizaso et al., 2003). 
Usually these models describe mathematically a temporal distribution of pollen and silk on 
an area basis and, based on different relationships, estimate kernel set (Sadras et al., 1985a; 
Lizaso et al., 2003). These types of models require, as one of their inputs, the rate of silk 
emergence per ear as a function of time (Sadras et al., 1985b; Lizaso et al., 2003). At the 
plant level the amount of exserted silks available for pollination follows a curvilinear pattern 
(Sadras et al., 1985b; Bassetti and Westgate 1994) which can change due to growing 
conditions and genotypes (Carcova et al., 2000; Uribelarrea et al., 2002; Lizaso et al., 2003). 
Under conditions where the amount of pollen can be limited by the lack of synchrony 
between male and female flowers, such as in seed production, the rate of silk emergence per 
ear determines the number of silks available for pollination. At present, there are different 
methodologies to estimate the number of pollen grains available (Sadras et al., 1985a, 
Bassetti and Westgate, 1994; Fonseca et al., 2002; Fonseca et al., 2003) but there is no 
simple methodology to count large numbers of silks other than manual counting (Sadras et 
al., 1985a; Carcova et al., 2000; Uribelarrea et al., 2002, Fonseca et al., 2004). A simple and 
reliable method to quantify the dynamics of silk exsertion would improve inbred 
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management in hybrid seed production, and enable more detailed studies of genotype 
responses to environmental conditions during flowering. In addition, it would facilitate 
collecting inputs required by models that simulate pollination. 
In seed com production, male parent is destroyed some days after the pollination 
period has finished (Wych, 1988). Competition for nutrients and soil moisture has been 
theorized as some of the causes for removing male in a timely manner to optimize female 
yield in rows near the male parent. However, mixed results in terms of yield and seed size 
have been reported in the literature on this subject in the seed industry. 
As mentioned above, kernel set can be affected by pollen density when a minimum 
threshold of pollen cm-2 is not achieved (Bassetti and Westgate, 1994). Therefore, rows 
receiving higher pollen densities will increase the likelihood of setting kernels. On the other 
hand, when water and nutrients are not limiting in the period bracketing silking, kernel set is 
related to the amount of photosynthetic active radiation intercepted by the crop (IP AR). This 
relationship is curvilinear (Andrade et al., 2000). Therefore, it can also be expected that those 
rows receiving more light during the critical period will set more kernels. 
Difference in yield between rows in the female block can probably be produced either 
because male removal produces an increase in the amount of light intercepted per plant by 
females near male rows after it is chopped, or because these receive a differential amount of 
pollen during the flowering period. 
The typical growing conditions in seed com fields previously mentioned, define an 
environment where yield would be likely be limited by the amount of pollinated flowers (i.e. 
sinks). Bassetti and Westgate (1993 a, b) have described the dynamics of silk emergence and 
senescence on individual ears of maize as a progressive process that varies by genotype and 
environmental conditions. Measuring kernel number per ear formed at various intensities of 
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pollen shed, they reported that pollen shed and silk emergence indicate the processes of male 
and female flowering in maize, progressing in a fairly predictable manner (Basetti and 
Westgate, 1994). Based on these reports, Lizaso et al. (2003) developed a mathematical 
model for predicting potential kernel set on a field scale. The model is based on a 
quantitative evaluation of synchrony between pollen production and silk exsertion. It has 
been shown to account for 98% of the variation in kernel set in seed production fields 
(Fonseca et al., 2004). The model developed by Lizaso et al. (2003 ) only uses flowering 
characteristics to predict kernel set without considering the amount of assimilate produced by 
the plant. Fonseca et al. (2004) reported that when simulating kernel set in seed com 
production fields, there was a trend to over-estimate the actual kernel number by about 11 %. 
Interestingly, this value is close to the reduction in yield produced in inbreds by the effect of 
leaf removal reported by Hunter et al. ( 1973 ). This suggests that other plant factors, such as 
kernel abortion in response to leafremoval, might be limiting kernel set. 
Detasseling is one of the methods used to control pollination in seed production 
fields. Depending on female characteristics, several leaves are removed from the plant to 
eliminate the female's tassel (Wych, 1998). Yield reduction due to leafremoval in the period 
around flowering has shown great variability among inbreds. A decrease in kernel number 
explains yield reduction (Vasilas and Seif, 1985). Hunter et al. (1973) compared the effect of 
removing only the tassel versus other treatments where they removed one, two and three 
leaves. When comparing yield among treatments, there was a significant decrease in yield for 
the removal of two or three leaves. The percentage of reduction in yield reported when three 
leaves were removed was around 13.5%. By removing leaves the amount of radiation 
intercepted by the crop decreases, affecting the amount of assimilate produced (Tollenaar, 
1977). 
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Improved understanding of yield responses to alterations in assimilate availability 
during different phenological phases has been a major advance in crop physiology. It has 
provided clear evidence that crops experience periods during the growing cycle when yield is 
mainly limited by source strength, the sink capacity, or co-limited by both. From these 
experiments, the so-called "critical periods", when crop yield is strongly source-limited, 
have been reasonably well established for most major crops. For com this period has been 
established in a period around 15 days bracketing flowering (Fisher and Palmer, 1984; Shaw, 
1988). More recently Otegui and Bonhomme (1998) defined the critical period using a 
thermal window between -227 °C day to + 100 °C day from silking (°C day with base 
temperature of 8°c>. The reduction in leaf area produced during detasseling occurs normally 
during the thermal window described byOtegui and Bonhomme (1998). 
Under non-limiting conditions during the critical period, kernel set is related to IP AR. 
The relationship between kernel set and IP AR is curvilinear (Andrade et al., 2000). Their 
model defines a minimum threshold for setting kernels and a plateau where increases in 
IP AR do increase kernel set. The relationship between kernel number per plant and IP AR is 
useful for simulation models. However, radiation use efficiency (RUE) is affected by 
temperature, shading, and water stress. Therefore, crop growth rate (CGR) and plant growth 
rate (PGR) are more useful variables to understand the mechanisms behind kernel number 
determination in corn. The relationship between PGR and kernel number is similar to the one 
described between IPAR and kernel number (Andrade et al., 1999). 
Total plant growth during the critical period is not the only factor that affects kernel 
set per plant when genotypes with different partitioning between vegetative and reproductive 
structures are considered. Partitioning of dry matter between vegetative and reproductive 
structures is crucial as kernel set is related more to ear growth rate than to plant growth rate 
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(Jacobs and Pearson, 1991; Andrade et al., 1999). At low and high PGR, the proportion of 
total dry matter partitioned to the ear decreases. At low PGR the ear is affected because of its 
axial position, and at very high PGR because of the competition generated due to a second 
ear produced by the plant (Andrade et al., 1999). 
Current models for simulating kernel set in maize associate kernel number with 
photosynthetic supply (Edmeades and Daynard, 1979; Andrade et al., 1999; Andrade et al., 
2000). CERES-Maize is a crop growth model (Jones and Kiniry, 1986) originally developed 
to evaluate the impact of agronomic practices or environmental conditions on grain yield 
(Otegui et al., 1996; Lizaso et al., 2001). More recently similar models are being used as 
breeding tools (Chapman et al., 2003). 
In CERES-Maize, kernel number is determined as a function of the average rate of 
photosynthesis in the period bracketing silking and coefficients that account for cultivar 
characteristics (Ritchie et al., 1998). However, these models estimate kernel set based only 
on the amount of assimilate produced by the crop around flowering. This approach is useful 
for commercial com fields where pollen limitations are rare, but might not be appropriate in 
situations where pollination might limit kernel set. In seed production fields, where only a 
fraction of the plants are actually producing the total pollen load, these crop growth models 
might not be able to predict kernel number accurately if they do not take into account pollen 
limited scenarios. 
For simulation purposes, the developmental stages that define kernel set in maize can 
be classified into three consecutive processes (Lizaso et al., 2003). During the first stage, the 
flowering structures are defined. Through the second phase, maturation of these structures 
and pollination occurs. During the third stage, pollination is followed by fertilization and 
kernel formation. Flowering models such as those developed by Sadras et al. (1985b), or 
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more recently by Lizaso et al. (2003) focus kernel set simulation during the second phase. On 
the other hand, CERES-Maize predicts kernel number based on the third stage. A model 
integrating the second and third stages would probably increase the accuracy of kernel set 
estimations. It could also help in understanding kernel set processes in complex situations, 
such as those occurring in seed production fields where sink and source limitations occurr 
concurrently. 
Thesis Organization 
This thesis includes four manuscripts that were written according to current 
requirements for publication in scientific journals. Chapter 2 presents the development of a 
technique for estimating the number of silks based on the perimeter of the silk bouquet. 
Chapter 3 extends the use of this technique to determine the minimum number of 
measurements needed to quantify silking dynamics reliably. Chapter 4 examines possible 
causes behind differential kernel set across the female block in seed com production fields. 
Chapter 5 validates an experimental model that integrates both source and sink limitations to 
predict kernel set. References are cited separately for the general introduction and each of the 
manuscripts. Following the manuscripts a general conclusion is presented. 
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CHAPTER 2. A SIMPLE TECHNIQUE TO ESTIMATE SILK EXSERTION 
DYNAMICS IN MAIZE 
A Paper to be submitted to Crop Science 
E. Sebastian Schneider, Mark E. Westgate and Agustin E. Fonseca 
Abstract 
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Quantifying the rate and duration of silk exsertion is critical for modeling the 
pollination process in maize (Zea mays L. ). Typically, exposed silks are sampled repeatedly 
from unpollinated ears and counted by hand, which is a time consuming and laborious 
process. The objective of this study was to develop a simple, reliable and inexpensive 
technique for quantifying the number of exserted silks. We are exploring the relationship 
between silk bouquet perimeter and silk number as an indirect method to estimate silk 
exsertion. Silking dynamics were monitored on four genotypes grown under well watered or 
water limited conditions in a greenhouse, and on three hybrids grown at three population 
densities in the field. These genotypes and conditions provided a wide range of silk number 
per ear and the potential for variation for individual silk diameter. The perimeter of the silk 
bouquet was measured as silk exsertion progressed using a modified digital caliper. Three 
measurements required about 60 s. Water stress decreased the rate of silk exsertion, but had 
no discernible effect on the relationship between silk bouquet perimeter and silk number. 
Quadratic models explained on average 96 to 99% of the variability between silk bouquet 
perimeter and silk number. The technique estimated the number of silks during the silk 
exsertion period with an average error of ± 2.5 to 4.8 %. The results indicate that silking 
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dynamics can be estimated fairly quickly and accurately by measuring the perimeter of the 
silk bouquet. 
Introduction 
Maize is a monoecious plant, presenting separate staminate and pistillate flowers. 
Staminate flowers are located at the apex of the stem, while pistillate flowers arise from 
lateral branches at mid-stem nodes (Kiesselback, 1999). Because of this anatomical 
arrangement, reproduction in maize is predominantly by open pollination between plants 
(Hallauer, 1987). Typically male and female parents are crossed for producing hybrid seed 
taking advantage of these maize characteristics. Maturities of male and female parents are 
usually different, and because of that several techniques are practiced by the seed industry to 
achieve a good synchrony at pollination (Wych, 1998). For achieving optimum synchrony 
between male and female parent, a quantitative assessment of the number of silks available 
per day is required. The cumulative number of silks available for pollination each day can be 
estimated by combining the percentage of plants from the population with exposed silks with 
the dynamic of silk exsertion per ear. 
Silking dynamics is a gradual process at the population level and at the plant level. At 
the population level the number of plants with exerted silks follows a sigmoid pattern 
(Bassetti and Westgate, 1994), while at the plant level the number of exserted silks available 
for pollination follows a curvilinear pattern (Sadras et al., 1985a; Bassetti and Westgate, 
1994). Silk emergence per an individual ear is a progressive process that exhibits genotypic 
and environmental variability (Carcova et al., 2000; Uribelarrea et al., 2002). Silks from the 
basal portion of the cob are usually the first to emerge. Typically their maximum rate of 
elongation occurs during the initial days of exposure. Subsequently, silk elongation rate 
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decreases while the amount of senesced silks increase with time (Bassetti and Westgate, 
1993a). Under conditions where the amount of pollen is limited by the lack of synchrony 
between male and female flowers, such as in seed production, the knowledge of the rate of 
silk emergence per ear becomes highly relevant. 
During the few last decades, the life cycle of inbreds and hybrids has shortered 
(Duvick and Cassman, 1999). Therefore, the opportunity to optimize planting 
recommendation for kernel production based on practical experience has been sharply 
reduced. Models that simulate the pollination process, however, could help define the 
optimum recommendations for a particular combination of inbreds. Their value as a tool to 
achieve close synchrony between parents during the first production season has been 
demonstrated previously (Lizaso et al., 2003; Fonseca et al., 2004). These models typically 
describe mathematically the temporal distribution of pollen and silk on an area basis and 
combine these dynamics to estimate kernel set (Sadras et al., 1985b; Lizaso et al., 2003). For 
this purpose, a detailed characterization of the rate of silk emergence per ear is required. 
Usually the dynamic of silk exsertion has been quantified by cutting silks repeatedly 
from unpollinated ears and counting them later using image analysis or by hand (Sadras et 
al., 1985a; Bas.setti and Westgate, 1994; Carcova et al., 2000; Fonseca et al., 2004). Counting 
silks by either method is time consuming and laborious. Bassetti and Westgate (1994), using 
computer aided image analysis, reported that the amount of time required for quantifying 
samples containing high numbers of silks was up to five minutes. Counting a sample by hand 
might take more than ten minutes when it contains large numbers of silks. A simple and 
reliable method to quantify the dynamics of silk exsertion would improve inbred 
management in hybrid seed production, and enable more detailed studies on genotype 
response to environmental conditions during flowering. In addition, it would facilitate 
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collection of information required by models that simulate pollination. We tested whether a 
pooled measure of silk diameters (silk bouquet perimeter) could be used to estimate the 
number of exserted silks on the ear. Also, we examined how this estimate might be affected 
by genotype and environmental conditions during silk exsertion. 
Materials and Methods 
Experiment 1 
A Plant Introduction popcorn variety (Ames-23684), two popcorn hybrids (Iowa 
Acres Popcorn Company 501 and Crookham Popcorn Seed Company 101), and a public 
inbred line (N218), henceforth referred to as genotypes 1 to 4, were selected for their 
variation in kernel number per ear and mature kernel size, which might provide a range in 
silk number and silk width. Plants were grown in the greenhouse in 20 L pots containing 
bark-based growing mix (SB300 Universal, Sungro ). Soil was fertilized weekly with a 
solution containing 3.6 g L -l of20:20:20 as %NPK (Plantex. Plants Products Co). Plants also 
were fertilized weekly with a solution of 1 g L-1 Ca (NQ3)2-4H20 and 0.5 g L-1 MgS04 
·7H20. Favorable growing conditions were maintained until silking. When the first silks 
appeared, water was withheld from half of the plants (water stress plants, WS) while the 
other half continued to be irrigated daily (well watered plants, WW). Each time silks were 
sampled, leaf water potential was measured by isopiestic thermocouple psychrometry (Boyer, 
1995) on a disk sampled from the ear leaf. 
Experiment 2 
Three hybrids, DKC 58-78, Fontanelle 4402, and Fontanelle 4741 (hereafter Hybrids 
A, B, and C) were grown in the field at the Iowa State University agronomy Farm, near 
Ames, IA at 2 , 4 , and 8 plants m-2 (referred to as low, medium and high density). Within 
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each density, six plants were selected at random for conducting silk bouquet perimeter 
measurements. The soil was a Clarion-Nicollet Loam (fine-loamy, mixed, superactive, mesic 
Typic Hapludolls and fine-loamy, mixed, superactive, mesic Aquic Hapludolls). Soil 
moisture and air temperature during :flowering and early grain filling were favorable for high 
kernel set. 
Silk bouquet measurements and Data Analysis 
Based on field observations, we recognized that the emerging bouquet of silks is 
constrained by the ear leaf sheaths (husks). Cutting the exposed silks transversally at the 
husk level revealed that the shape of the silk bouquet is approximately circular. The 
perimeter of this circle increases as additional silks enter the bouquet (Fig. 1). 
Silk bouquet perimeter was measured using a digital caliper modified with a loop that 
could be placed around the exserted silks (Fig. 2). One end of the loop was attached to the 
sliding arm of a digital caliper (Fisher Scientific Company L.L.C., Pittsburgh, U.S.A.) which 
was adjusted until the loop fit around the silks. The length of the loop was recorded as the 
perimeter of the silk bouquet. Three measurements required about 60 s. To minimize 
measurement variability, husks were cut as a reference point for silk exsertion, and ears were 
covered with glassine bags to prevent pollination. Exposed silks were cut to 2 cm prior to 
perimeter measurement. Measured silks then were excised at the husk level, transferred to a 
plastic bag containing 500 g kg-1 ethanol, and stored at 4°C until counted by hand. In 
experiment 1, the loop was made from a nylon string. The narrow contact surface introduced 
some measurement variability. In experiment 2, the loop was replaced with a 5 mm wide 
fiberglass tape, which decreased measurement variability. In the first experiment, samples 
were collected from each plant every other day, beginning the day the first silks appeared 
until silk exsertion was complete (7 to 11 days later). In the second experiment, 
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measurements were collected twice, shortly after beginning of silk exsertion and about 4 d 
thereafter. 
A monomolecular model was used to describe the pattern of silk exsertion on each ear 
according to Lizaso et al., (2003): 
SN= SNx X (1- e -b(t-ti>), 
where SN is the cumulative number of exposed silks on an ear, SNx is the potential number 
of florets, to is the time when the first silk is exserted and b is a shape parameter controlling 
the shape of the curve. Variables b and to were fitted by the least squares method using the 
solver tool in EXCEL (Microsoft® Excel 2002, Microsoft Corporation). 
To assess the accuracy of this new technique for estimating silk exsertion dynamics, 
the monomolecular model was fitted to both counted and estimated number of silks for all 
treatments. Daily differences in the numbers of silks were calculated throughout the silking 
period and expressed in absolute numbers. The percentage of error for each day was 
calculated and averaged to express the level of accuracy. 
Quadratic models were used to relate bouquet perimeter data to silk number for each 
genotype and treatment using PROCREG in SAS (SAS Inst., 1996). The y intercept was 
forced through zero in all cases. Comparisons of parameters of the fitted models for 
individual treatments and pooled data were analyzed using PROCREG in SAS. Data were 
analyzed using ANOVA to evaluate differences in silk number and rate of silk exsertion 
between genotypes and treatment conditions using the General Linear Model procedure in 
SAS (SAS Inst., 1996). 
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Results and Discussion 
Experiment 1 
The total number of silks available for pollination is defined by the pattern of silk 
exsertion and the percentage of plants from the population that reach silking. Developing the 
pattern of silk exsertion for a given genotype is a time consuming process. Our objective was 
to develop a simple, reliable and accurate method to estimate the progress of silk exsertion in 
the apical ear. For evaluating potential limitations of this technique, we evaluated whether 
the relationship between the perimeter of silk bouquet and silk number would be affected by 
different genotypes and environmental conditions. To do so, we examined four contrasting 
genotypes in terms of silk number and ear size under different soil water conditions. 
Three perimeter measurements took on average about 60 s, demonstrating that the 
technique is faster than previous described methods. 
Schoper et al. (1987) showed that maize genotypes vary in silk turgor maintenance. 
We tested whether variation in plant water status affected the relationship between silk 
bouquet perimeter and silk number. When we withheld water at silk emergence, significant 
differences in leaf water potential between irrigation treatments (P < 0.05) developed within 
approximately 2 d for genotypes 2, 3 and 4 {Table 1). Water stress reduced silk exsertion rate 
in all genotypes, and more time was necessary to complete silk exsertion in plants under 
stress. On average, water stressed plants required about 9 d to complete the exsertion of 95% 
of their silks, while well watered plants required around 5 d {Table 2, Fig. 3). Previous 
studies have shown the close relationship between leaf water potential and silk water 
potential (Westgate and Boyer, 1986). Although silk water potential was not measured in this 
study, it is expected to follow the same relationship reported by Westgate and Boyer (1986). 
It has also been observed that silk elongation rate is affected when silk water potential 
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decreases (Bassetti and Westgate, 1993b ). The relationship between silk bouquet perimeter 
and silk number was well described by a quadratic model in both water stress and well 
irrigated environments for all genotypes. This model, explained most of the variation in silk 
numbers (average r2 = 0.97, Table 3). 
These analyses indicate that there were only minor differences in individual silk 
width among environments or genotypes examined in this study (Table 3, Fig. 4). Therefore, 
we tested whether pooled regression models could be used to relate the perimeter of the silk 
bouquet and silk number. Table 3 shows that parameter estimates were statistically similar 
for all genotypes and irrigation levels. Only one of the treatments, genotype 3 well watered, 
showed significant differences among parameters estimates (P < 0.05) when compared either 
to regression models developed for each treatment or to a model generated when pooling all 
data. This result indicates that use of a general regression model is appropriate, but can 
introduce some error in silk number estimation for certain genotypes or environments. 
The pattern of silk exsertion was estimated by fitting monomolecular models using 
values of silks estimated by the technique. They closely followed silk exsertion dynamic 
generated when fitting data of silks counted by hand to the same type of models (Fig. 5). 
The average error produced when using the number of silks estimated from pooled 
regression models was 10.8% compared to 4.8% when using regressions developed for each 
treatment (Table 4). The level of error that can be tolerated when this technique is applied 
will determine whether a general regression model for estimating the number of silks is 
adequate. For instance, if the rate of silk emergence is used as a trait for screening genotypes 
in com improvement, the level of accuracy obtained by using a general regression might not 
be suitable. A general regression, however, would likely be appropriate for generating 
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information required by flowering simulation models for adjusting and optimize the delay 
between parents in seed com production. 
There was little evidence that the prediction error increased for water stressed plants 
(Table 4, Fig. 8). In fact, error estimates for individual water stressed treatments were smaller 
than those generated from pooled regressions. This observation suggests that the error 
introduced by differences in turgor among silks was smaller than error introduced by genetic 
difference in silk width. 
When using regressions models generated for each treatment, the technique estimated 
the number of silk with an average error of 4.8%. Part of that error was probably due to the 
difficulty in applying a uniform pressure on the silk bouquet using a narrow string to measure 
the perimeter. To overcome this problem, in the second experiment the string was replaced 
by a fiberglass tape which provided better control during the measurement and eliminated 
damage to the silks. 
Experiment 2 
We conducted a second experiment to evaluate the technique under a broader range 
of growing conditions. Three com hybrids grown at different densities were used to provide 
different plant and ear growth rates and obtain a wide range of silk numbers per ear and 
potentially different silk widths. 
The rate of silk exsertion varied with hybrid and density treatment (P < 0.0001), but 
there was no interaction (P 0.60) between hybrid and density (Table 5). Neither hybrid nor 
density treatments affected the relationship between silk bouquet perimeter and silk number 
(Fig. 6). This result indicates that individual silk widths were fairly uniform across the three 
hybrids examined, and they were not affected by plant density. 
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The quadratic relationship between the perimeter of silk bouquet and silk number 
explained, on average, 98% of silk number variability for the nine treatments (Fig. 7). The 
model describing the relationship between perimeter of silk bouquet and silk number for 
Hybrid B at the medium plant density was significantly different (P < 0.05) from the other 
treatment models and from a general model developed from pooled data (Table 6). However, 
no differences were detected when comparing regression models for this hybrid at low and 
high densities. This inconsistency could be explained by human error in the tension applied 
while measurements were conducted, which could affect the relationship between silk 
number and perimeter of silk bouquet. 
The average error was 2.5% using regressions generated for each treatment in this 
study (Table 7). These results indicate that a regression model developed for each treatment 
is appropriate when a high level of accuracy is required for estimating the pattern of silk 
exsertion. For situations which do not require this high level of accuracy, a pooled regression 
provided an average error of 6.2%. 
The bouquet perimeter measurements provided fairly accurate estimates of exserted 
silk numbers across the range of silk numbers typically encountered for inbreds and hybrids 
(Bassetti and Westgate, 1994; Fonseca et al., 2004). The number of silks was estimated fairly 
accurately across different genotypes, silk number, and environmental conditions (Fig. 8). 
Thus, this simple technique would be well suited for evaluating differences among genotypes 
in terms of rate of silk exsertion over a wide range of conditions. 
Conclusions 
The number of exerted silks per ear was estimated fairly quickly and accurately by 
measuring the perimeter of the silk bouquet. The quadratic relationship between the 
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perimeter of silk bouquet and the silk number was affected neither by the genotype used nor 
by the environmental condition applied. The average error in the estimated number of silks 
during the period of silk exsertion usually increased when general regression models were 
used to estimate silk data. This suggests that when greater accuracy is required individual 
regressions could be developed for specific genotypes or treatments. This technique provides 
a fast and reliable approach to estimate the number of silks during the progress of silk 
exsertion. The technique can be used on all types of maize genotypes. This advance for 
documenting female flowering dynamics will lead to improved inbred management in seed 
production fields, reduce the time required to collect model inputs for simulating pollination. 
And it is ideally suited for studies aimed at evaluating genotype responses to environmental 
conditions during flowering. 
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Table 1. Plant water status treatments. Leaf water potential was measured immediately after 
silks were measured. Two irrigation levels were imposed after silking WW (well watered 
plants) and WS (water stress plants). 
Leaf Water 
Genotype Treatment Number of Plants Potential 
MP a 
WW 5 -6.3 at 
ws 5 -8.7 a 
2 
WW 5 -6.3 a 
ws 5 -12.3 b 
3 
WW 6 -6.9 a 
ws 6 -10.2 b 
4 
WW 6 -7.0 a 
ws 6 -9.9 b 
t Data Followed by the same letter within genotype did not differ at (P<0.05) 
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Table 2. Average number of silks, rate of silk exsertion and days required to complete silk 
exsertion for genotypes under different irrigation levels in Experiment 1. Two irrigation 
levels were imposed after silking WW (well watered plants) and WS (water stress plants). 
Average silk Rate of silk 
Days required to 
Genotype Treatment Number of plants 
number exsertion 
complete silk 
exsertion 
Silks/day Days 
WW 5 628 a 134 a 5 
ws 5 594 a 71 c 8 
2 
WW 5 468 b 87 be 5 
ws 5 461 b 58 d 8 
3 
WW 6 444 b 125 ab 4 
ws 6 430b 53 d 8 
4 
WW 6 561 a 69 c 8 
ws 6 415 b 39 d 11 
t Data followed by the same letter are not different at (P<0.05) 
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Table 3. Quadratic models fitted to the relationship between perimeter of silk bouquet and 
silk number in Experiment 1. Silk Number = a + bx + cx2, where x = Silk perimeter (mm), a 
= 0. Parameters were compared between the fitted models to evaluate significant differences. 
Two irrigation levels were imposed after silking WW (well watered plants) and WS (water 
stress plants, WS). 
Comparison among 
Comparison among 
Genotype Treatment nt b c treatment and pooled r2t RMSE Silk range treatment models 
models 
Treatment Pooled 
WW 17 7.3 0.180 a§ a a 0.97 90 317-692 
ws 20 14.9 -0.005 a a a 0.95 113 133-691 
2 
WW 20 9.9 0.109 a a a 0.97 75 49-583 
ws 20 7.0 0.280 a a a 0.97 70 107-497 
3 
WW 24 4.3 0.448 b b a 0.97 66 145-673 
ws 24 11.3 0.170 a a a 0.97 63 126-610 
4 
WW 23 11.9 0.190 a a a 0.99 49 97-637 
ws 20 10.7 0.208 a a a 0.99 38 127-623 
l-4tt WW 84 14.6 0.014 0.96 89 49-692 
1-4 ws 84 14.2 0.036 0.96 78 107-691 
1-4 WW-WStt 168 14.5 0.021 0.96 83 49-692 
t n is the number of samples used for fitting the equation 
t All regressions were significant at P<0.0001. 
§ Different letters indicate that models were signifficantly different (P<0.05) 
tt Pooled data 
tt Pooled data 
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Table 4. Number of silks was estimated by monomolecular models fitted to counted data 
(Measured) and by monomolecular models fitted to silk data generated from the relationship 
between perimeter of silk bouquet and silk number (Estimated). Daily differences in the 
number of silks during the period of silk exsertion were averaged and expressed as a 
percentage. Silk data estimated from regression using pooled data were also used for 
estimating errors. 
Error using regressions 
Genotype Treatment developed for each 
treatment 
wwt 6.7 
ws 12.4 
WW 3.4 
2 
ws 1.0 
WW 6.7 
3 
ws 6.4 
4 
WW 0.4 
ws 1.1 
Average Error 4.8 
tWW: Well Watered 
WS: Water Stress 
% 
Error using a general 
regression from pooled 
data 
15.2 
13.4 
10.8 
11.6 
6.7 
11.6 
9.8 
7.4 
10.8 
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Table 5. Average number of silks, rate of silk exsertion and days required to complete silk 
exsertion for different hybrids at three densities in Experiment 2. Three different population 
densities were used. 
Population Number of Average silk Rate of silk 
Days required to 
Hybrid 
density plants number exsertion 
complete silk 
exsertion 
Silks/day Days 
A Lo wt 12 652 bet 159 ed 4.1 
B Low 12 648 be 173 b 3.7 
c Low 12 781 a 196 a 4.0 
A Medium 12 641 be 153 de 4.2 
B Medium 11 680 b 167 be 4.1 
c Medium 12 777 a 194 a 4.0 
A High 12 614 e 144 e 4.3 
B High 12 678 b 170 be 4.0 
c High 12 764 a 191 a 4.0 
t Low (2 plants m"2), Medium ( 4 plants m-2), High (8 plants m-2) 
t Data followed by the same letter were not different at (P<0.05). 
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Table 6. Models fitted to the relationship between perimeter of silk bouquet and silk number 
in Experiment 2, Silk Number = a + bx + cx2, where x = Silk perimeter (mm), a = 0. 
Parameters were compared between the fitted models to evaluate significant differences. 
Three population densities were used. 
Comparison among 
Comparison between 
Hybrid Population density nt b c treatment and pooled r2t RMSE Silk range treatment models 
model 
Treatment Pooled 
A Lowtt 12 6.8 0.305 a§ a a 0.99 49.8 414-703 
B Low 12 14.2 0.060 a a a 0.99 38.6 392-673 
c Low 12 11.6 0.202 a a a 0.99 35.5 331-841 
A Medium 12 14.3 0.101 a a a 0.99 55.1 280-694 
B Medium 11 21.8 -0.124 b b a 0.99 42.0 422-726 
c Medium 12 15.5 0.110 a a a 0.99 42.5 301-863 
A High 12 19.3 -0.006 a a a 0.98 65.7 367-682 
B High 12 15.0 0.039 a a a 0.99 58.7 414-693 
c High 12 17.5 0.056 a a a 0.99 40.4 190-800 
A,B,C ttLow 36 11.1 0.177 0.99 53.9 331-841 
A,B,C Medium 35 17.5 0,018 0.99 58.7 280-863 
A,B,C High 36 17.7 -0.001 0.98 68.2 190-800 
A,B,C Low, Medium, Hish§§ 107 15.8 0.054 0.98 62.1 190-863 
t n is the number of samples used for fitting the equation 
t All regressions were significant at P<0.0001. 
§ Different letters indicate that models were different (P<0.05) 
tt Low (2 plants m-2), Medium (4 plants m-2), High (8 plants m-2) 
HPooled data 
§§Pooled data 
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Table 7. Number of silk was estimated by monomolecular models fitted to field data 
(Measured) and by monomolecular models fitted to silk data generated from the relationship 
between perimeter of silk bouquet and silk number (Estimated). Daily differences in the 
number of silks during the period of silk exsertion were averaged and expressed as a 
percentage. Silk data estimated from regression using pooled data were also used for 
estimating errors. 
Hybrid 
Population Error using regressions Error using a general regression 
Density developed for each treatment from pooled data 
% 
A Lo wt 2.9 2.2 
B Low 4.7 5.3 
c Low 6.7 4.1 
A Medium 0.6 8.6 
B Medium 3.6 1.3 
c Medium 0.6 9.4 
A High 0.7 6.3 
B High 1.1 8.7 
c High 1.3 9.9 
Average Error 2.5 6.2 
t Low (2 plants m"L)' Medium (4 plants m"L), High (8 plants m"L) 
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l Perimeter 
Time 
Figure 1. Rationale used for studying the relationship between the perimeter of silk bouquet 
and silk number. As the number of silks increase with time the perimeter of the group of silk 
increases. 
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Figure 2. Caliper modified for measuring the perimeter of silk bouquet (A). Loop of wide 
fiberglass tape used in experiment 2, which decreased measurement variability (B). The loop 
was fitted around the silks to measure bouquet perimeter (C). 
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Figure 3. Dynamic of silk exsertion in four different genotypes grown under well watered 
(WW) conditions (solid lines) and water stress (WS) conditions (dashed lines). 
Monomolecular models were fitted to data, SN= SNx X (1 - e - b( t - to0. Where SN is the 
number of cumulative exposed silks on one ear, SNx is the potential number of florets, to is 
the time when the first silk is exserted and b is a shape parameter controlling the shape of the 
curve. Points indicate the average for the sampled plants on a particular day. Vertical lines 
indicate ± SE for five or six plants. 
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Figure 4. Relationship between perimeter of silk bouquet and silk number for typical plants 
of four genotypes grown in the greenhouse under well watered (top) and water stress (center) 
conditions. General relationship between perimeter of silk bouquet and silk number obtained 
by pooling all data (bottom). Regression equations were forced through zero. 
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genotype under water strees conditions (•). Bars indicate± SE. 
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Figure 7. General relationship between perimeter of silk bouquet and silk number, pooling 
data from three hybrids grown in the field at three densities (low: 2 plants m·2 , medium: 4 
plants m·2 and high: 8 plants m·2 • Intercept was forced trough zero. 
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Figure 8. Relationship between measured and estimated silk number during silk exsertion for 
genotypes used in Experiment 1 (top) and Experiment 2 (bottom). 
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CHAPTER 3. ALTERNATIVE APPROACHES TO ESTIMATE THE DYNAMIC OF 
SILK EXSERTION IN MAIZE 
A Paper to be submitted to Field Crops Research 
E. Sebastian Schneider, Mark E. Westgate, and Mohammad Ghaffarzadeh 
Abstract 
The dynamics of silk emergence in maize (Zea mays L.) determine the number of 
silks available for pollination. Simulation models that use flowering characteristics to predict 
kernel set have proven to be an important tool for improving inbred management in seed com 
production fields. However, the time needed to generate the inputs that they require might 
prevent their use. We recently developed a new technique to estimate the dynamics of silk 
exsertion based on the perimeter of the silk bouquet. Our objectives were to extend this 
technique to estimate exserted silk numbers for six commercial inbred lines grown under 
typical seed production conditions, and to determine the minimum number of measurements 
needed to quantify their silking dynamics reliably. The correlation between the perimeter and 
silk number was consistently high across all the genotypes, explaining on average 99% of the 
variability in silk numbers. The average estimate error for silk exsertion was 2.6% when silks 
were sampled on four dates during silk exsertion. As the number of sampling dates 
decreased, the error estimate increased to 17.8%. Using a single regression model pooled 
across inbreds, the error estimate was about 10.1 %. The technique is well suited to use in 
genotype characterization and modeling. The results indicate that the dynamic of silk 
exsertion can be estimated quickly and accurately under field conditions. 
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Introduction 
Synchrony between silk emergence and pollen shed is a key factor in determining 
kernel set in maize (Zea Mays L). Because the ear is a dominated organ in the maize plant, 
when the crop is exposed to any stress immediately prior to flowering, ear growth is more 
affected than tassel growth. Under stress conditions, the anthesis-silking interval (ASI) 
usually increases in duration and variability among genotypes (Hall et al. 1982). A delay in 
silk emergence reduces the potential for pollination because a minimum pollen density is 
required to achieve maximum kernel set (Basseti and Westagte, 1994). 
The rate of silk exsertion on the ear is also a trait that shows genetic and 
environmental variability (Carcova et al., 2000). Working with different hybrids under 
different population densities they reported differences in the rate of silk exsertion among 
genotypes. Within genotypes, plants grown at high densities were prone to have slower rates 
of silk exsertion compared to those grown at lower densities. 
In seed com production, lack of synchrony between male and female parents can 
occur even under ideal growing conditions. Maize silk receptivity to pollen is limited, and 
ears can fail to produce kernels if pollination is delayed for a few days (Bassetti and 
Westgate, 1993). Close synchrony between flowering and anthesis for the male and female 
parents in seed com production is critical. 
Male and female parents used in hybrid seed production usually differ in maturity. 
The difference in time to flowering is resolved by altering male inbred development with 
practices such as flaming, male cutting or by split planting (Wych, 1998). Improved 
synchrony is not always achieved in seed production and this may lead to low yields and 
genetically impure seed. 
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Fonseca et al. (2004) using a model to simulate kernel set based on flowering 
characteristics demonstrated its value as a tool to evaluate the impact of different 
management practices on hybrid seed production. The model allows users to simulate kernel 
set resulting from manipulating the flowering period of the male and female inbreds. It also 
can be used to asses the risk of producing genetically impure seed. However, the number of 
inbred combinations used in seed production and the reduced life cycle of inbreds (Duvick 
and Cassman, 1999) may limit the use of this kernel set model because a considerable effort 
is required to collect the flowering information for each inbred pair. 
The dynamic of silk exsertion is a critical input required by models that simulate 
kernel set based on flowering characteristics (Sadras et al., 1985a; Lizaso et al., 2003; 
Fonseca et al., 2004). We tested whether the use of a new technique for estimating silk 
exsertion dynamics could be used to generate the pattern of silk emergence in different 
female inbreds. We also evaluated the minimum amount of data required to generate the 
dynamic of silk exsertion without affecting the accuracy required for models that use 
flowering characteristics to predict kernel set. 
Materials and Methods 
Plant Culture 
Six inbreds were grown in the field in Iowa during 2004. Three were grown in 
commercial seed production fields (Female A to C), while the remaining three were grown in 
research plots (Female D to F) operated by Pioneer Hi-Bred Intl. Inc. Female inbreds were 
grown using standard practices used in seed production (i.e. population density, detasseling, 
fertilization, and pest management). Inbreds grown in the field were mechanical detasseled, 
while those planted in research plots were detasseled by hand to mimic the same effect of the 
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mechanical detasseling. Soil moisture and air temperature during flowering and early grain 
filling were favorable for adequate kernel set. 
Silk bouquet measurements and Data Analysis 
Based on previous study of silk exertion dynamics conducted on several inbreds 
(Chapter 2), five plants are required to estimate the average number of silks for a given 
inbred with error estimate of about 2.5%. Therefore, five plants for each genotype were used 
in this study. The perimeter of silk bouquet was measured using a digital caliper modified 
with a loop that could be placed around exserted silks. One end of the loop was attached to 
the sliding arm of a digital caliper (Fisher Scientific Company L.L.C. Pittsburgh, U.S.A), 
which was adjusted until the loop fit snugly around the silks. The length of the loop was 
recorded as the perimeter of the silk bouquet. To minimize measurement variability, husks 
were cut as a reference point for silk exsertion. Ears were covered with glassine bags to 
prevent pollination. Exposed silks were cut to 2 cm prior to measurement, after that they 
were excised at the husk level, transferred to a plastic bag containing 500 g kg-1 ethanol, and 
stored at 4°C until they were counted by hand. Silk samples were collected on days 1, 3, 5 
and 8 since the first silks emerged. 
Quadratic regression models were fitted between the perimeter of silk bouquet and 
silk number for each genotype and treatment using PROCREG in SAS. They intercept was 
forced trough zero in all cases. Comparisons of parameters of the fitted models for individual 
treatments and pooled data were analyzed using PROCREG in SAS (SAS Inst., 1996). Data 
were analyzed using ANOV A to evaluate differences in silk number and rate of silk exsertion 
among genotypes using the General Linear Model procedure in SAS (SAS Inst., 1996). To 
evaluate the differences among genotypes, the rate of silk exsertion was compared using the 
number of silks exserted up to the third day after silking. 
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A monomolecular model was used to describe the pattern of silk exsertion on each 
ear, as reported by Lizaso et al. (2003): 
SN= SNx X (1- e - b(t-t.>), 
where SN is the cumulative number of exposed silks on one ear, SNx is the potential number 
of florets, to is the time when the first silk is exserted and b is a parameter controlling the 
shape of the curve. Variables b and to were fitted by the least square method using the solver 
tool in EXCEL (Microsoft® Excel 2002, Microsoft Corporation). 
To asses the error of this new technique for estimating silk exsertion dynamics, 
monomolecular models were fitted to the counted number of silks. The same approach was 
used by fitting the model with the number of silks estimated from the regression between the 
perimeter of silk bouquet and silk number. The difference in the daily numbers of silks 
during the period of silk exsertion was calculated and expressed as absolute values. The 
average was calculated and expressed as a percentage of the measured values. 
To evaluate the minimum amount of data required to estimate the dynamic of silk 
exsertion, monomolecular models were fitted by using data estimated from the relationship 
between silk perimeter and silk number for each genotype. Different sets of data were used as 
follows: 1) data generated during only one day after silking (DAS); 2) data generated from 
two sampling dates; 3) data from three sampling dates; and 4) data generated by the first, 
third, fifth and eight DAS. Based on preliminary results, we found that to values for nine 
female inbreds ranged from 0 to 0.62 DAS. When fitting the equations using one, two, and 
three sets of data, to was constrained to be in this range. Variables b and to were fitted by the 
least squares method using the solver tool in EXCEL (Microsoft® Excel 2002, Microsoft 
Corporation). 
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Results and Discussion 
The inbreds presented contrasting dynamics of silk exsertion (Table 1, Fig. 1). To 
evaluate differences in the rate of silk exsertion, we estimated the number of silks exserted 
during the first three days after the beginning of silking. We grouped the inbreds into three 
classes based on the initial rate of silk exsertion: inbreds A and B had a slow exsertion rate 
(92 to 105 silks d"1), inbreds C and E had an intermediate rate of silk exsertion (122 to 139 
silks d-1), and inbreds D and F had a fast rate of silk exsertion (171 to 182 silks d"1). We 
compared the pattern of silk exsertion of the inbreds used in this study, with the dynamic of 
silk exsertion of hybrids used in other studies (Carcova et al., 2000) planted at similar 
population densities. These hybrids showed differences in the rate of silk exsertion during the 
first three days of silking and could have been classified into the same groups described for 
inbreds in terms of rate of silk exsertion per day. 
The dynamic of silk emergence plays an important role in determining the number of 
silks available for pollination (Sadras et al., 1985b). Fonseca et al. (2004) reported the large 
impact in kernel set when altering the rate of silk exsertion for a given inbred. Both 
population and individual components of silking affect kernel set. However, the duration of 
silking per ear has a greater impact on potential kernel set (Fonseca et al., 2004). Being able 
to characterize females based on silking uniformity quickly and accurate might be very 
helpful for making management decisions based on model simulations. 
Silk number and the perimeter of silk bouquet were closely related for all inbreds 
(Table 2, Fig. 2). This result is consistent with our previous evaluation of dent hybrids and 
popcorn hybrids (Chapter 2). Silk perimeter explained 99% of the variability in silk number 
when data were pooled and used to calculate a general regression (Fig. 3). It also confirms 
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that curves for individual inbreds are required to ensure the highest level of accuracy for 
simulating silk number or the silking dynamic. 
Although individual silk width was not measured, it is reasonable to assume that silk 
width did not differ appreciably for the inbreds used in this study. Comparing the relationship 
between the perimeter of the silk bouquet and silk number, there were no differences among 
five of the six inbreds studied. Only Female E was significantly different (P < 0.05) from the 
rest of the inbreds and from the general regression calculated from pooled data. Although 
statistical differences were detected, these differences were small and might not have 
important consequences for modeling kernel number (Fig. 4 ). 
Average error in the estimate of daily silk number was 2.6% (Table 3) when the 
dynamic of silk exertion was estimated using regressions developed for each inbred. The 
relationship between the measured number of silks during the period of silk exsertion and 
estimated reveals that the approach used by the technique for estimating silk number is 
suitable for characterizing different genotypes (Fig. 5). When the dynamics of silk exsertion 
were estimated using a regression generated from pooled data, however, the average error 
increased up to 10.1 %. The RMSE of the regression generated from pooled data was greater 
than the error for regressions developed for each treatment. 
The use of general regression models allowed us to detect differences in the rate of 
silk exsertion among the genotypes used in this study in 83% of the cases. We used a 
flowering model developed by Lizaso et al. (2003) to evaluate if the number of silks 
estimated by this technique were accurate enough for modeling purposes. We ran simulations 
using parameter estimates obtained when fitting measured and estimated number of silks to 
monomolecular models. We compared kernel number from simulations obtained using 
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estimated and measured number of silks. The average error of the simulations obtained when 
using estimated number of silks was 11 % (± 2.5% SE). 
The advantage of obtaining an estimate without developing a regression for each 
genotype should be considered when large numbers of inbreds need to be evaluated in terms 
of their rate of silk exsertion. As the number of inbreds increases, the more challenging it 
becomes to generate the detailed information on silk exsertion required to improve flowering 
management in seed production. Decreasing the number of days of sampling required to 
generate the pattern of silk exsertion for each inbred would be helpful when the number of 
inbreds is extensive. 
To explore how 'small' a data set could be used to estimate the silking dynamic, we 
evaluate changes in average error when using different number of sampling dates. As 
expected, the most accurate approach was to use data for all 5 days from 0 to 8 DAS (Table 
4). As data from individual DAS were excluded from the model to estimate the dynamic of 
silk exsertion, the average error of the estimate increased. The rate of silk exsertion was well 
described even by using only two sampling dates, with an average error of 5.7%. Sampling 
dates 1 and 8 DAS showed significance differences (P < 0.05) when compared to other 
combinations of two sampling dates, which was probably due to the level of error associated 
with silk exsertion in inbred E (Table 4). Significance differences were not detected between 
the other combinations, suggesting that any combination of days could be used for estimating 
the number of silks. This analysis indicates the average error generated by reducing the 
number of days (using the regression developed for each genotype) is smaller compared to 
the one produced when using regression of pooled data to estimate silk data. Developing a 
regression for each genotype and reducing the sampling dates is probably the most 
appropriate approach when higher levels of accuracy are required. 
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Conclusions 
The dynamic of silk exsertion in inbred lines can be estimated accurately by 
measuring the perimeter of the silk bouquet. This is coincident with our previous work and 
shows the consistency of this method under a wide range of conditions. We were able to 
estimate the dynamic of silk exsertion with considerable accuracy using data from two 
sampling dates. 
Two approaches can be used to diminish the amount of time required for developing 
patterns of silk emergence. First, use regressions from pooled data to estimate the number of 
exserted silks of a given inbred. Second, reduce the number of sampling days to two to 
estimate the dynamic of silk exsertion. These approaches can be helpful particularly if a large 
number of inbreds need to be evaluated for silk exsertion. 
The technique is well suited to use in genotype characterization and modeling kernel 
set. By using general regressions the average error was 10.1 %. By using two sampling dates, 
using the regression developed for each inbred, the average error was around 5. 7%, 
indicating that this is approach is adequate when a higher level of accuracy is required. 
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Table 1. The number of silks and rate of silk exsertion were compared among female 
inbreds. Data are average of five plants. Rate of silk exsertion was estimated using the 
number of silks emerged up to the third day after the beginning of silking. 
Female 
Average silk Rate of silk 
number exsertion 
Silks/day 
Female A 411 dt 92.0 d 
FemaleB 542 be 105.0 ed 
FemaleC 524 e 139.4 b 
FemaleD 592 ab 182.2 a 
Female E 576 abe 121.6 be 
FemaleF 607 a 170.5 a 
tData followed by the same letter were not different at (P< 0.05). 
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Table 2. Quadratic models fitted to the relationship between perimeter of silk bouquet and 
silk number. Silk Number= a+ bx+ cx2, where x =Silk perimeter (mm), a= 0. Parameters 
were compared among the fitted models to evaluate significant differences. 
Comparison among 
Comparison between 
Female nt b c treatment and pooled r2t RMSE Silk range treatment models 
model 
Treatment Pooled 
Female A 20 11.1 0.22 a§ a a 0.99 14.1 51-454 
Female B 20 11.4 0.23 a a a 0.99 24.6 67-580 
FemaleC 20 14.3 0.32 a a a 0.99 25.1 67-589 
FemaleD 20 16.7 0.09 a a a 0.99 32.6 51-599 
FemaleE 20 8.2 0.42 b b a 0.99 21.2 80-625 
Female F 20 18.0 0.11 a a a 0.99 24.2 181-640 
Female A-F tt 120 14.3 0.19 0.99 38.2 51-640 
t n is the nwnber of samples used for fitting the equation 
t All regressions were significant at P<0.0001. 
§Different letters indicate that models were different at (P< 0.05) 
tt Pooled data 
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Table 3. Monomolecular models were fitted to measured number of silks. The same type of 
models were fitted to silks estimated using regresions calculated for each genotype and also 
by regression estimated from pooling data. Errors were calculated as the difference in the 
daily number of silks between measured data and estimated data using regressions. Daily 
differences in the number of silks during the period of silk exsertion was expressed in 
absolute values, averaged, and expressed as percentage. 
Female 
A 
B 
c 
D 
E 
F 
Average Error 
Error using regressions 
developed for each Treatment 
1.2 
1.3 
3.9 
5.1 
0.5 
3.6 
2.6 
Error using a general regression 
from pooled data 
% 
16.3 
10.9 
13.7 
4.7 
5.5 
9.4 
10.1 
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Table 4. Monomolecular models were fitted by using different sets of data. Average error 
decreases as the number of days included for fitting the model increase. 
Days after silking Female A Female B Female C Female D Female E Female F Average error 
Dals % % 
22.0 18.2 3.7 14.9 7.9 2.1 
2 12.1 9.7 7.0 8.8 8.2 8.2 17.8 
3 19.3 14.7 9.9 26.1 7.5 27.2 
8 19.3 14.6 34.2 32.5 63.0 36.7 
1 and3 3.7 4.4 5.1 7.3 2.9 3.9 
1and5 4.2 1.0 4.5 7.3 1.8 3.6 
1and8 3.0 7.6 6.9 7.5 18.3 7.7 5.7 
3 and5 3.1 3.3 7.6 7.3 4.4 3.0 
3 and8 3.2 2.0 8.4 7.3 7.9 8.1 
5 and8 8.2 2.1 5.0 7.5 8.0 9.2 
l,3,and5 3.1 2.5 3.9 7.3 2.4 3.8 
1, 3 and8 3.4 1.5 4.8 7.3 0.5 3.6 4.2 
1, 5 and 8 4.6 2.0 4.5 7.3 1.5 3.2 
3,5 and 8 3.2 1.7 7.6 7.5 8.1 5.5 
All Dals 1.2 1.3 3.9 5.1 0.5 3.6 2.6 
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Figure 1. Silk exsertion dynamic for six female inbreds grown in a seed com production 
field (Female A to C) and in a research plot (Female D to F). Number of plants used 5. 
Symbols represent silk values of the sampled plants on different days. The lines represent 
monomolecular model fitted using measured data. Function used in the model was SN = SNx 
x (1 - e -b( t - tO)), where SN is the number of cumulative number of exposed silks on one ear, 
SNx is the potential number of florets, tO is the time when the first silk is exserted and b is a 
shape parameter controlling the shape of the curve. 
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Figure 2. Relationship between perimeter of silk bouquet and number of silks for three 
inbreds grown in different production fields and three female inbreds grown in a research 
plot in Iowa. Silk Number= a+ bx+ cx2, where x =Silk perimeter (mm), a= 0. 
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Figure 3. General relationship between perimeter of silk bouquet and silk number pooling 
data from three inbreds grown in seed production fields and three inbreds in a plot at 
Johnston. Silk Number= a+ bx+ cx2, where x =Silk perimeter (mm), a= 0 
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Figure 4. Silk exsertion dynamic for the inbreds used in this study. Lines represent fitted 
monomolecular models using measured data. Circles represent fitted monomolecular models 
using data generated from the relationship between the perimeter of silk bouquet and silk 
number. Dashed lines represent monomolecular models fitted using data estimated from 
regressions of pooled data. 
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Figure 5. Relationship between measured silks (number of silks obtained by fitting the 
monomolecular model to field data) and estimated (number of silks obtained by fitting the 
model to the number of silks generated from the relationship between perimeter of silks 
bouquet and silk number). Dashed line represents the 1: 1 relation. 
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CHAPTER 4. LIMITATIONS TO GRAIN YIELD WITHIN THE FEMALE BLOCK 
OF A MAIZE HYBRID SEED FIELD 
A Paper to be submitted to Crop Science 
E. Sebastian Schneider., Mark E. Westgate, and Mohammad Ghaffarzadeh 
Abstract 
The amount of hybrid seed produced in a female inbred block of maize (Zea mays L) 
can be limited by a number of factors including pollen amount and assimilate supply during 
flowering. The objectives of this study were to determine if kernel number per ear in each 
row within the female block was limited by pollen density during silking or by the amount of 
radiation received per plant after male inbred rows were removed. Three commercial hybrid 
seed production fields arranged in a female:male row ratio were used in this study. Pollen 
traps were placed strategically within the female block to evaluate pollen density during the 
shedding period. Intercepted photosynthetically active radiation (IP AR) was measured at 
several positions within the female block after the male inbred was removed from the field. 
Kernel number per ear was measured in each row two weeks after pollination and at harvest 
maturity. Total pollen deposition during the shedding period did not vary across the four 
female rows. More PAR penetrated the canopy, however, in rows next to the open space 
formed by removing the male inbred. Kernel number per ear was similar in all four rows 15 
days after pollination in all three fields. In two fields, however, kernel number per ear 
decreased 13% at physiological maturity for the inner two rows of the female block. The 
decrease in kernel number was correlated with less PAR at ear height (r2 = 0.97). These 
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results indicate that variation in kernel number per ear across rows within the 4-row female 
block was not related to pollen amount. Rather, increased radiation interception per plant 
after male inbred removal limited kernel loss in the outer two rows of the female block. 
Typical growing conditions in hybrid seed production define an environment where source 
and sink limitations occur concurrently, the combination of genotype and growing condition 
will determine which limitation predominates. 
Introduction 
The main goal in seed com production is to obtain the highest yield of high quality 
seed at the lowest cost. Different male to female row ratios will affect kernel yield per 
hectare. Selecting the most appropriate ratio of male:female rows is determined by several 
factors including pollen density and pollen shed dynamics (Wych, 1988). A minimum pollen 
density is required to obtain adequate kernel set (Sadras et al., 1985, Bassetti and Westgate, 
1994). Another important factor that affects the capacity of the female inbred to maintain 
kernel set is the amount of assimilate produced per plant during the period bracketing silking. 
Intercepted irradiance per plant has been related with kernel number (Andrade et al., 1993; 
Kiniry and Knievel, 1995, Andrade et al., 2000). Cessation of dry matter accumulation of tip-
kemels and kernel abortion can occur even up to two or three weeks after silking (Tollenaar, 
1977). Compared to hybrids or open pollinated varieties, the proportion of kernels aborted 
during the 20 d period after flowering is usually bigger in inbreds (Monneveux et al., 2005). 
The amount of pollen produced by inbred males is typically smaller compared to 
hybrids (Uribelarrea et al., 2002; Fonseca et al., 2003). Only a fraction of the plants are 
allowed to shed pollen in seed production fields. Finally, pollination occurs in physically 
separated plants. Together, all these growing conditions define an environment where pollen 
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density typically limits kernel set (Lizaso et al., 2003; Fonseca et al., 2004). It has also been 
shown that pollen concentration rapidly decreases with distance from the source (Aylor et al. 
2003). Studies conducted by Paterniani and Strot (1974) using one central plant with 
dominant yellow color in plots of white endosperm com, reveals that the percentage of 
pollination produced by the yellow plant decreased dramatically with distance. At distances 
between 10 to 20 meters, the percentage of pollination produced by the central plant was 
around 0.01 %. Differences among female rows in terms of pollen density received during the 
flowering period could limit yield in those rows farther from the male row. 
Crops typically experience periods during the growing cycle when yield is mainly 
limited by the source strength. From several experiments the so-called "critical periods'', 
when crop yield is strongly source-limited, have been reasonably well established for most 
major crops. For corn, this period has been established in a period around 15 d bracketing 
flowering (Fisher and Palmer, 1984; Shaw, 1988). More recently Otegui and Bonhomme 
(1998) defined the critical period using a thermal window between -227 °C d to+ 100 °C d 
from silking (°C day with base temperature of 8°C). During this period yield is related to 
source strength, it is not surprising that kernel set, the most important yield determinant, is 
related to IPAR during this 2-wk period bracketing anthesis (Andrade et al., 1993; Kiniry and 
Knievel, 1995; Andrade et al., 2000). Under non-limiting conditions during the critical 
period, kernel set is related to the amount of IP AR. The relationship between kernel set and 
IP AR is curvilinear (Andrade et al., 2000). This model defines a minimum threshold for 
setting kernels and a plateau where increases in IP AR do not produce any response in kernel 
set. However, it is important to note that these studies have all been conducted in hybrids and 
there is little information available for maize inbred lines. The reduction in leaf area 
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produced during detasseling occurs normally during the thermal window described by Otegui 
and Bonhomme (1998). 
The total dry weight produced by a maize crop is determined by the size and 
efficiency of its photosynthetic system (Tollenaar, 1977). The leaf area index (LAI) at which 
the canopy reaches maximum growth rates, or the critical LAI, when 95% the incident PAR 
is intercepted (Gardner et al, 1985; Andrade et al., 1992). Detasseling reduces the LAI and 
the amount of radiation intercepted. Different reports on the effect of leaf removal at 
different stages of development around flowering showed that cessation of kernel 
development and the resulting abortion can occur even up to three weeks after silking 
(Egharevba et al., 1976; Tollenaar and Daynard, 1978). The retention of kernel growth is 
directly related to the amount of intercepted irradiance per plant (Tollenaar, 1977). 
Another common practice in seed production fields is removing the male rows soon 
after pollen shed has finished. This prevents grain formation in the male rows eliminating the 
risk of seed contamination (Wych, 1988). Male removal also limits competition for nutrients 
and soil moisture to optimize seed yield in rows adjacent to the male inbred. Removing the 
male rows after pollination effectively decreases the local population density in the female 
block, thereby increasing the amount of light available to the adjacent female rows after 
pollination. As such, it is reasonable to expect a positive response in kernel number in rows 
where the amount of radiation available per plant has increased. There are no studies 
demonstrating the benefits of male row removal on the outside female rows in terms of 
kernel number. 
We examined whether the outer rows of the female inbred block (i.e. those adjacent 
to the male inbred) produced a greater number of kernels per plant. And whether the increase 
in kernel number per ear, when it occurred, was due to the more pollen per cm2 received by 
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these female rows, or whether it was due to increased radiation they received after male rows 
were removed. Distinguishing between these possibilities has important implications for 
improving inbred management for optimizing hybrid seed production. 
Materials and Methods 
Plant Culture 
Three seed production fields (hereafter Field A to Field C) managed by Pioneer Hi-
Bred Intl. Inc. during 2004 were selected for this experiment. These were selected because 
they were located in the same production area (Marshalltown and Ames, IA), had similar 
planting dates, and the males used were different in terms of pollen production. The female 
male ratio was 4:1 in all three fields. Females were planted between May 3rd and May 161h. 
Delay practices between male and female parents were used in all fields. Inbreds were 
managed with standard practices for high seed production {Table 1 ). Soil moisture and air 
temperature during flowering and early grain filling were favorable for adequate kernel set. 
Total Pollen production 
In seed com production, males are typically classified in terms of pollen production 
per plant as 'poor', 'fair' and 'good'. To evaluate differences between genotypes used in this 
study, ten representative tassels were selected at each of the three replicate locations within 
each field when 30% of the population had begun to shed pollen. Pollen was collected in 
clear bags (Pantek, Monteson, France). Prior to pollen shed, bags were placed over the 
tassels, wrapped tightly around the peduncle to prevent pollen loss. When pollen shed 
terminated, bags were removed from the plants and they were allowed to air-dry before 
processing. Pollen was collected from the bags by washing with 50 mL of Isotone II solution 
(Coulter Corporation Florida). The solution containing pollen was filtered through a stainless 
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steel mesh to remove anthers and large debris, brought to 60 mL, and stored at 4°C. The 
number of pollen grains mL-1 were quantified using a Coulter Multisizer Z2 (Coulter 
Electronics Limited, Luton, Beds England), which was calibrated to detect particles between 
60 and 100 µmin diameter. 
Pollen Density 
Pollen density per cm2 was estimated using the method described by Fonseca et al., 
(2002). Traps were placed at the apical ear level within the row to avoid trap damage during 
detasseling operations. Traps were supported on a clear plastic base (10.6 by 10.6 cm) 
mounted on a plastic coated metal stake. The pollen traps were constructed on a base of 
white opaque high impact polystyrene (HIPSP) sheeting (approximately 8 cm by 9 cm). Two 
bands of 1.9 cm wide smooth black tape (Super 88-3M Scotch Brand, St.Paul, MN) were 
placed across the white base to produce a high-contrast background for imaging (area 34.2 
cm2). The black tape was covered with double coated tape (666-3M Scotch Brand). The 
double-sided tape was protected by a white liner, which was removed to expose the sticky 
surface when the trap was positioned in the field (Fonseca et al., 2002). Three pollen traps 
were placed at each of three replicate locations within each field (Table 2). At each location, 
one trap was placed in the male row (Male), one was placed two rows to the left of the male 
row (Female left) and one was placed two rows to the right of the male row (Female Right). 
Traps were placed prior to pollen shed and changed every other day at 1800 h during the 
shedding period. Fluorescence and bright field images of pollen adhering to the traps were 
collected with a Nikon Eclipse BPI-Fluorescence microscope equipped with a Nikon Plan 
Fluor 4X/0.13 NA objective (Fryer Company, Huntley, IL). Digital images of the pollen were 
captured using a Hammatsu CCD C4742-45 camera (Fryer Company, Huntley, IL) 
controlled with acquisition software from Prairie Technologies (Middleton, WI). Typically 
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nine 0.25 cm2 images were collected per trap. Pollen counting was performed with the 
Metamorph Imaging System (Universal Imaging Corporation, West Chester, PA). Pollen per 
cm2 per day was used to generate the temporal pollen distribution during the shedding period. 
The total amount of pollen deposited on each trap was used to compare pollen load among 
locations during the pollination period. 
Intercepted Radiation 
The percentage of IP AR intercepted by the female inbred plants was estimated at two 
positions within the female block immediately after males were removed. The 'outside' 
measurement was made between the male row (removed) and the first female row. The 
'inside' measurement was made between the two middle rows of the female block. IPAR was 
estimated from a linear ceptometer (Accuppar LP-80 Decagon Devices Inc. Pullman, WA, 
USA) with readings collected above and below the canopy. Five measurements in each row 
position within each location were collected and averaged. For measurements below the 
canopy, the ceptometer was placed above the senesced leaves and below green leaves. 
Leaf area per plant was estimated on five plants by measuring every other leaf before 
fields were detasseled. Expanded leaf area of each ith leaf (LAi, cm2) was obtained as 
mentioned in Lizaso et al. (2003) as follows: 
LAi =Ii x wi x 0.765 
were Ii is the length in cm and wi is the maximum width of the ith leaf. Individual leaf area 
was added for each plant and averaged to get the leaf area per plant. 
Kernel Number per Ear 
Ears were collected from the same locations where pollen and IP AR information were 
obtained. Kernel number per ear was determined in each female row at two developmental 
stages; 15 days after an.thesis (15 D) and at physiological maturity (PM). In each replicate 
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location of approximately 100 m2, eight ears were collected from every other plant within a 
row. Ear samples harvested at PM were taken from the same row and location as the 15D 
samples. Only the ear was removed to avoid any canopy damage. Because silks can be 
receptive for several days we decided to consider the anthesis male parent as the cardinal 
point for evaluating kernel abortion. 
Data Analysis 
Data were analyzed using the GLM procedure in SAS (SAS Inst., 1996). Kernel 
number per ear was evaluated at different row positions within the female block and at two 
developmental stages. Daily pollen shed densities (grains per cm2) were evaluated at 
different trap locations. Daily pollen shed densities (grains per cm2) were added to obtain an 
estimate of total pollen shed at replicate each location. Total pollen per cm2 received at each 
trap location, and total pollen production per plant were analyzed by using ANOV A. 
Results and Discussion 
Pollen Density 
Males are usually classified by seed companies as poor, fair and good in terms of 
pollen production per tassel. Based on that classification, different ratios of female:male rows 
are used in seed com production. Significant differences (P<0.05) in terms of total pollen 
production between males used in this study were detected {Table 1 ). Because there were 
different population densities among fields, we analyzed the total amount of pollen produced 
per hectare (i.e. population X pollen production per tassel). Significant differences (P<0.05) 
in terms of total production per hectare were found among fields. 
On the other hand, when comparing males using pollen density information obtained 
from pollen traps placed in the male row, differences were not detected at P<0.05 {Table 2). 
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Only a small fraction of the pollen produced reaches silks. Most of the pollen simply falls to 
the ground, while a small fraction is dispersed to other fields or trapped by the leaves above 
the ear (Kiesselbach, 1999). Differences in canopy structure or environmental conditions 
among fields (i.e. wind) may explain why differences among males were not detected by our 
pollen traps. 
The temporal dynamic of pollen production varies among fields as shown in Figure 1. 
The peak of pollen production was around two days after anthesis for field B and C, while for 
field A, it was the same day of anthesis. Tassels of males in field A had very small branches 
which might explain the coincidence between anthesis and the peak of pollen production. 
Pollen density during the peak was smaller for fields A and C, being below the values of 
pollen density required for obtaining an adequate kernel set. Bassetti and Westgate (1994) 
reported that kernel set decreases dramatically when daily pollen density falls below 100 
pollen grains cm-2• Field B had the greatest pollen production. But pollen production was 
above the threshold defined by Bassetti and Westgate (i.e. not limiting for kernel set) only 
during peak pollen shed. 
To determine whether variation in pollen deposition within the field might have 
affected kernel set, we compared the pattern of pollen production at three locations within 
each field. Figure 2 shows that the temporal distribution of pollen deposition (as measured in 
the male row) did not vary among replications in any of the fields under study. Three 
replications captured developmental variability within the fields studied. Seed production 
fields with more variable plant development might require additional sample replications. 
There were significant differences between male inbred heights. Male from field A 
was the shortest inbred at about 180 cm. There were no significant differences between males 
from field B and C, (male B 194 cm and C 197 cm). Although male leaf area was not 
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measured, male from field A was visually the smallest (Table 1 ). We observed a trend in 
pollen shed density for the fields with taller males. Figure 1 shows that for the taller males (B 
and C) traps placed in female rows tended to have greater pollen density relative to the pollen 
density in the male row. In contrast, male A, the smallest inbred, did not show that pattern. 
This observation suggests that taller males might provide an advantage in terms of pollen 
dispersal. 
We compared pollen deposition on traps placed at two positions within the female 
block to determine whether pollen shed density varied from the male row to the center of the 
female block. Comparisons were made between total pollen deposition and daily intensities. 
Table 2 shows that there were no significant differences (P < 0.05) in the total pollen 
deposition among traps placed within the male row or those within the female block for 
fields A and C. In field B, however, more pollen was deposited in the female rows to the left 
of the male row. As mentioned above, traps were placed within the row to avoid damage 
during detasseling. Differences in leaf area between the male and female after detasseling 
may have affected the amount of pollen reaching the trap. Because pollen is an airborne 
particle, wind effect combined with the difference in leaf area above the traps between males 
and females are possible explanations for these differences. 
Differences in pollen density between traps were evident during the peak of shedding. 
Variation in pollen density was large enough to affect kernel set; therefore we compare daily 
pollen densities between traps positions. There were differences (P<0.05) in daily pollen 
densities between trap positions (Fig. 1 ). There was a trend in the timing when these 
differences occurred. In two of three fields, differences were evident during the peak of the 
shedding period, and traps placed in the middle of the female block received more pollen 
compared to those at the edge. 
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Pollen Density and Kernel Set 
The number of grains per ear at 15 days after anthesis (15 D) was measured to 
evaluate the impact that the different daily pollen density between rows had over kernel 
number. Within each field, kernel number per ear measured at 15D was the same regardless 
of row position (Table 3). This result implies that pollen density was limiting to the same 
extent in all rows. 
Kernels set vs. kernels harvested 
We measured the number of grains per ear at 15 days after anthesis (15 D) and at 
physiological maturity to evaluate the level of kernel abortion in different rows after 
flowering. Kernels ear-1 decreased (P < 0.05) from 15D to PM. This reduction was between 
10.5% for field B to 9.3 % for field C (Table 4). Evidently, female inbreds in these two 
fields aborted kernels. This result is consistent with literature indicating kernel number per 
ear can decrease after pollination (Tollenaar, 1977; Andrade et al., 1996; Monneveux et al., 
2005). Kernel number per ear also decreased 3.8% in field A at physiological maturity, being 
kernel number at PM smaller at P < 0.08 when compared to 15D. This result indicates that 
the number of kernels harvested from the female block could be limited by factors in addition 
to pollen amount. 
Rows 'inside' the female block tended to lose more kernels than those on the 
'outside' of the block (Table 5). Because total kernel set was similar for all four rows at 15D 
(Table 3), the additional factor must have had its effect after kernel growth was initiated. 
Measured IPAR differed significantly (P < 0.001) between the 'inside' and 'outside' row 
positions (Table 6). The amount of radiation intercepted per plant 'inside' female block was 
clearly less than that intercepted by plants positioned in the 'outside' rows (Table 6). 
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Total dry weight produced by a maize crop is determined by the size and efficiency of 
its photosynthetic system (Tollenaar, 1977). Andrade et al. (2000) have related the amount of 
intercepted radiation at flowering and kernel set in maize. They indicated that as IP AR 
increases kernel number per plant increases in a curvilinear fashion. The relationship is 
characterized by an initial response of kernel number to IP AR, and a plateau indicating the 
potential number of kernels for the genotype. For fields Band C, where differences in kernel 
number and row position were significant, the decrease in kernel number was closely related 
to less PAR received per plant (r2 = 0.97) (Fig. 3). In these two fields, IP AR was below the 
values reported by Andrade, suggesting that IP AR is limiting dry matter accumulation and 
determining the number of kernels that these female inbreds can bear. It has been reported 
that the initial growth of the kernel is greatly influenced by the amount of photosynthetic flux 
reaching the ear during the early stages of grain development (Schussler and Westgate, 
1991). If so, increasing IPAR per plant in the 'outside' rows of the female block likely 
minimized the level of kernel abortion (Fig.4). 
In field A, however, the increase in IP AR planf1 in the 'outside' did not produce the 
same effect observed in fields Band C. It has been shown that genotypes behave different in 
their response of kernel number to IP AR (Otegui and Bonhomme, 1998). Although we did 
not characterize the response of kernel set at different IP AR for the inbred in field A, a 
possible explanation for the lack of difference between rows is that this inbred was near the 
plateau for kernel set as described by Andrade et al. (2000). 
Leaf area loss during detasseling might have affected the photosynthetic capacity of 
inbreds, which could help explain the different response of the 'outside' rows for female A. 
To examine this possibility, we measured leaf area per plant before and after detasseling. 
Female in field A had the smallest leaf area compared to the other inbreds. Besides its low 
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leaf area, an aggressive detasseling was conducted in this female reducing its leaf area by 
9%. The reduction was 5.9% for field B and 4.9% in field C. The loss of assimilatory 
capacity and decreased growth rate due to the loss of leaf area can also explain the different 
response in female A. 
Male removal had a great impact on the canopy. A reduction in plant density (Table 
6) produced an increase in the amount of radiation intercepted by plants placed outside the 
female block. Andrade et al. (1993) showed that by decreasing the number of plants per m2 
during the period bracketing silking, the number of kernels per unit area increased. In seed 
production the effect of male removal is similar to the mentioned case, the female population 
density for rows placed 'outside' decrease after male removal (Table 6). Reductions in 
population density probably produced an increase in plant growth rate for those females 
placed outside the block, limiting the number of kernels aborted per ear. Theoretically, the 
effect of male removal would be more important when the amount of intercepted radiation by 
female plants is near a critical value of LAI (the LAI at which the canopy reaches maximum 
growth rates), field C (Table 6), supports that conclusion. 
Relative to management of hybrid seed production fields, these results indicate that 
the timing of male inbred removal can be critical for maintaining kernel set on female 
inbreds with a large leaf area above the ear. Different genotypes showed a different response 
in terms of increases in IP AR and the level of kernel abortion. A classification of inbreds in 
terms of their response to male removal would probably help in optimizing yield through 
male removal timing by field managers. 
Female to male ratio is typically defined by the amount of pollen produced by the 
male. This ratio decreases when the amount of pollen produced by the male is small ('poor' 
males). Benefits for kernel set produced by appropriate timing of male inbred removal will 
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likely be greater in fields planted with a high male to female ratio, typically used with males 
classified as 'poor' in terms of pollen production. 
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Table 1. Characteristics of male and female inbreds grown in commercial seed fields A, B, 
andC. 
Female:Male Row p ul . d . Female Population Male pollen 
Male pollen 
Field 
Ratio Distance op atlon ensitJ after male removal 
AS It 
production 
production Male height 
er hectare 
Female Male pollen grains pollen grains ------
cm Elants ha"1 Elants ha·1 GDOl tasser1 X 106 X 10 11 ha·1 cm 
Field A 0.8 76 87033 91750 43517 -16 2.4 a§ 2.2 a 180 
Field B 0.8 76 74533 71000 37267 17 3.1 b 2.7b 194 
Field C 0.8 76 77044 89750 38522 -17 2.6 a 2.4 a 197 
t Anthesis silking Interval 
t Growing Degree Days with base temperature 8 °C 
§Data followed by the same letter were not different at (P<0.05) 
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Table 2. Total pollen deposition during flowering. Pollen traps were placed in different rows 
to measure pollen density during flowering. One trap was placed in the male row (Male). 
Traps were also placed two rows to the left and to the right of the male row (Female Left and 
Female Right). Distance between rows was 76 cm. Three replication of each trap location 
were deployed in all fields. Significant differences between trap locations within a field were 
evaluated at P = 0.05. No significant differences were detected. 
Field Trap Position Pollen Grains cm-2 t SDt 
Female Left 414 50 
Field A Male 338 67 
Female Right 380 77 
Female Left 619 113 
FieldB Male 468 51 
Female Right 541 68 
Female Left 395 66 
Field C Male 401 53 
Female Right 480 125 
tTotal pollen cm-2 received during shedding in differnet rows 
istandard deviation 
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Table 3. Kernel number per ear measured 15 days after anthesis. Rows outside and inside 
correspond to individual rows in the female block. Significant differences between values 
within fields was evaluated at P = 0.05. No significant differences were detected. 
Field Row Kernel ear ·1 Std Error Lower 95% Upper 95% 
Kernel ear -I 
Outside 310 7.5 295 325 
A 
Inside 313 7.9 297 328 
Inside 336 7.5 321 351 
Outside 321 7.9 305 336 
Outside 454 16.8 421 488 
B 
Inside 412 18.0 376 448 
Inside 454 16.8 420 487 
Outside 435 17.6 400 470 
Outside 339 12.3 314 363 
c Inside 350 13.6 323 377 
Inside 345 11.2 323 368 
Outside 378 12.0 354 402 
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Table 4. Number of kernel per plant measured at two developmental stages (15 days after 
anthesis (15D) and at physiological maturity (PM)). Ears were removed without affecting the 
canopy. 
Field Sample Grains ear -If Prob> F 
a=0.05 
Field A 
15D 317 
0.0811 
PM 305 
FieldB 
15D 440 
0.008 
PM 394 
Field C 
15D 353 
0.04 
PM 320 
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Table 5. Kernel ear·1 comparison for females placed in different row position of the female 
block at different developmental stages. Where "Inside" refers to female rows placed inside 
the female block and "Outside" refers to the female rows placed by the male row. Kernels 
per ear were measured 15 days after anthesis (15D), and at physiological maturity (PM). 
Field Row position Sample Kernel ear·1t %IPARt Kernel number PM/ 15D 
% % 
Inside 15D 325 a 
77 95 
A 
PM 308 ab 
Outside 15D 315 ab 
50 96 
PM 304 b 
Inside 15D 434 a 79 88 
B 
PM 381 b 
Outside 15D 454 a 52 91 
PM 415 ab 
Inside 15D 347 a 82 86 
c PM 300 b 
Outside 15D 359 a 63 95 
PM 341 a 
tData followed by the same letter were not different at P <0.05 
tintercepted photosynthetically active radiation 
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Table 6. Intercepted photosynthetically active radiation (IP AR) measured in different row 
positions after male removal. Measurements were conducted around noon. "Outside" 
corresponds to female rows placed by the male row, while "Inside" corresponds to female 
rows placed inside the female block. Differences in IP AR were evaluated between row 
positions within each field. 
Field and Above Canopy Below Canopy IP AR 
IPAR planf1 %IPAR 
Leaf Areat 
Population LAit 
Row Position PAR PAR Planf1 
µmo! m-2 s-1 % cm2 Elant m-2 m2m-2 
A Inside 1692 394 1298 149 77 4436 8.7 3.8 
A Outside 1748 881 867 199*** 50 4436 4.4 1.9 
B Inside 1538 330 1208 163 79 5331 7.4 3.9 
B Outside 1529 732 797 215*** 52 5331 3.7 2.0 
C Inside 1396 257 1139 148 82 5149 7.7 3.9 
C Outside 1444 541 903 234*** 63 5149 3.9 1.9 
tLeaf area after detasseling 
tLeaf area index 
***Significant at the 0.00 I probability level. 
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Figure 1. Temporal distribution of pollen deposition on traps placed in the field relative to a 
male row. Male corresponds to the trap placed in the male row. Female traps were placed in 
the female block. Female Left was two rows to the left of the male row. Female Right was 
two rows to the right of the male row. Distance between rows was 76 cm. Three replications 
of each trap were used in all fields. Bars indicate ± SE. Dashed line indicates values of pollen 
cm-2 required for obtaining an adequate kernel set (Bassetti and Westgate, 1994) 
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Figure 2. Temporal distribution of pollen deposition on traps placed m the male row m 
Fields A-C. Bars indicate ±SE. 
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Figure 3. Relationship between % of yield reduction (in kernel number) and IPAR per plant 
for different row positions. Only fields with a significant difference (P < 0.05) in kernel 
number between 15D and PM were included in the regression. 
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Figure 4. Average number of kernels per ear on plants in the four rows of a female block. 
Kernel number per ear was measured 15 days after shed and at physiological maturity. Eight 
ears were sampled in each case. Bars indicate ± SE. 
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CHAPTERS. MODELING SOURCE AND SINK LIMITATIONS TO KERNEL SET 
IN HYBRID SEED PRODUCTION 
A Paper to be submitted to Field Crops Research 
E. Sebastian Schneider, Jon I. Lizaso, Mark E. Westgate*, and Mohammad Ghaffarzadeh. 
ABSTRACT 
Kernel set in maize (Zea mays L.) hybrid seed production can be simulated using 
simple flowering characteristics of the male and female inbreds when pollen production is 
limiting. This approach, however, could overestimate kernel set when early kernel growth is 
limited by assimilate supply. We tested whether the accuracy of kernel set simulations could 
be improved using a plant growth model that incorporates both sink and source limitations 
for kernel set. Three models were compared: CERES-Maize, our kernel set model based on 
flowering characteristics, and a modified version of CERES-Maize that incorporated our 
kernel set model as a selectable module. Kernel set was simulated in six seed com production 
fields located in Iowa. The mean grain yield simulated by CERES-Maize was 10 % less than 
the mean measured grain yield and it failed to simulate differences among fields (r2 = 0.51, 
MSD 19.5). The flowering model over-estimated kernel set by 4% on average, simulating 
with accuracy kernel set across a wide range of seed yields (r2 = 0.76, MSD 6.3). The 
modified version of CERES-Maize simulated kernel set within 1 % of the mean actual kernel 
number (r2 = 0.77, MSD 6.2). The modified version of CERES-Maize did not simulate the 
flowering process as accurately as the flowering model because of a limitation in CERES-
Maize sensitivity for phenology simulation. Incorporating a kernel set module into CERES-
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Maize provides a framework for simulating kernel set under sink or source limiting 
conditions. 
Introduction 
Successful maize (Z~a mays L.) hybrid seed production requires the establishment of 
a uniform female and male population, adequate cultural practices, proper and timely female 
detasseling, and also an adequate amount of viable pollen when female silks are receptive 
(Wych, 1998). Differences in growing degree-days between female silking and male shed at 
flowering are commonly seen in seed com fields. This difference is solved by altering male 
inbred development with practices such as split planting, male cutting or flaming (Wych, 
1998). However, synchronization between parents is not always achieved and lack of 
synchrony is usually one of the biggest concerns in seed com production. Synchronization 
between the male and female may affect seed quality as well (Wych, 1998). Limitations to 
grain yield in seed production fields can also reflect the amount of intercepted irradiance per 
plant, which is related with the number of kernels produced per plant (Andrade et al., 1993; 
Kiniry and Knievel, 1995, Andrade et al., 1999; Andrade et al., 2000). Leaf area per plant is 
one of the major factors that affect the source capacity of the plant because it defines the 
efficiency of the photosynthetic system and total dry matter produced by the crop {Tollenaar, 
1977). Detasseling, one of the methods to control pollination in seed production reduces leaf 
area and can affect kernel number (Vasilas and Seif, 1985). Yield reduction produced by 
detasseling will depend on the number of leaves removed (Wilhelm et al., 1995) Growing 
conditions in seed com fields define an environment where both sink and source limitations 
can occur concurrently. 
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In the last few years, a hybrid's commercial life cycle has become shorter (Duvick 
and Cassman, 1999). This situation has reduced the number of growing seasons that can be 
used to improve planting recommendations for new inbred pairs. Therefore, providing the 
seed industry with a tool to simulate kernel set under a variety of potential management 
scenarios would enable field managers to optimize growing conditions more rapidly. The 
utility of such a model will depend directly on its capacity to simulate flowering dynamics 
accurately, and on its ability to simulate plant response to changing environmental conditions 
and those caused by management practices such as detasseling. 
Crops typically experience periods during the growing cycle when yield is susceptible 
to stress. From several experiments the so-called "critical periods", when crop yield is most 
susceptible to stress, have been reasonably well established for most major crops. For com 
this period has been established around 15 days bracketing flowering (Fisher and Palmer, 
1984; Shaw, 1988). More recently Otegui and Bonhomme (1998) defined the critical period 
using a thermal window between -227 °C day to + 100 °C day from silking (°C day with base 
temperature of 8°C). 
Current models for simulating kernel set in maize associate kernel number with 
photosynthetic supply or related characteristics such as light interception in the period around 
silking (Edmeades and Daynard 1979; Andrade et al., 1999; Andrade et al., 2000). CERES-
Maize developed by Jones and Kiniry (1986), is commonly used to evaluate or predict the 
effect of different growing conditions in kernel yield (Otegui et al., 1996; Lizaso et al., 
2001). In CERES-Maize, kernel number is determined as a function of the average 
photosynthetic rate in the period bracketing silking and cultivar coefficients that account for 
the efficiency of photosynthetic conversion into biomass (Ritchie et al., 1998). CERES-
Maize simulates mean grain yield close to measured yields; however, it fails to simulate 
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differences among data sets generated by different growing conditions (Otegui et al., 1996). 
Lizaso et al. (2001) reported that the prediction of kernel number per plant in CERES-Maize 
was improved when a double curve was used to explain the relationship between the 
intercepted photosynthetically active radiation and kernel number per plant. Otegui et al. 
(1996) reported that when comparing observed and predicted dates of silking with CERES-
Maize the RMSE were 4.3 d. On the other hand, Fonseca et al. (2004), simulating different 
scenarios, reported the effects on kernel set of different anthesis silking intervals in hybrid 
seed production. The approach used to simulate the flowering process by CERES-Maize is 
adequate for commercial com fields where pollen limitations are rare, but might not be 
appropriate under situations where pollination might limit kernel set. In seed production 
fields, where only a fraction of the plants are actually producing the total pollen load 
CERES-Maize might not be able to predict kernel number accurately if it does not take in 
account pollen limited scenarios. 
There have been previous efforts to simulate inbred maize yield with CERES-Maize 
(Rasse et al., 2000). In their work, the estimation of kernel number per plant was calculated 
as a linear function of the average rate of photosynthesis, reaching a plateau defined by the 
maximum kernel number per plant. In that study, the simulated mean grain yields were 4% 
higher than measured values. Their version of CERES-Maize (CERES-IM), however, did not 
have the option to simulate the flowering dynamics of male and female parents to estimate 
kernel set under pollen limited conditions. 
Detasseling is the operation used to control pollination in seed production fields. 
During detasseling, several leaves are removed from the plant to eliminate the female's tassel 
(Wych, 1998). Yield reduction due to leaf removal in the period around flowering has shown 
great variability among inbreds. Yield reduction produced by leaf removal is explained by a 
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decrease in kernel number (Vasilas and Seif, 1985). Hunter et al. (1973) compared the effect 
of removing only the tassel versus other treatments where they removed one, two and three 
leaves. When comparing yield among treatments, there was a significant decrease in yield for 
the removal of two or three leaves. The percent reduction in yield reported when three leaves 
were removed was around 13.5%. Rasse et al. (2000) considered detasseling by subtracting a 
fixed number of leaves; but this approach might not be adequate under production conditions 
because several variables can affect the number of leaves removed. Among these variables 
are morphological female characteristic, weather conditions, and type of detasseling (Wych, 
1988; Wilhelm et al., 1995). The subroutine of detasseling in CERES-IM (Rasse et al., 2000) 
is triggered either when a given date is specified in the input data or automatically when the 
last leaf tip is produced. Leaf number can be accurately predicted by CERES-IM; however, 
the accuracy of leaf area was not reported. Although they considered some of the common 
practices in seed production, such as detasseling and male inbred removal, they did not 
consider the pollination process itself in which pollen shed and silk exsertion occur on 
separate plants. In seed com fields the adequate synchrony between the pollen producing 
parent and the ear bearing parent have a great impact on kernel set (Fonseca et al., 2004). 
Bassetti and Westgate ( 1993 a, b) have described the dynamics of silk emergence and 
senescence on individual ears of maize as a progressive process that varies by genotype and 
environmental conditions. Measuring kernel number per ear at various intensities of pollen 
shed, they showed that pollen shed and silk emergence indicate the processes of male and 
female flowering in maize, progressing in a fairly predictable manner (Bassetti and Westgate, 
1994). Based on these reports, Lizaso et al. (2003 a) developed a mathematical model for 
predicting potential kernel set on a field scale. The model is based on a quantitative 
evaluation of synchrony between pollen production and silk exsertion. It has been shown to 
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account for up to 98% of the variation in kernel set in seed production fields (Fonseca et al., 
2004). 
The model developed by Lizaso et al. (2003 a) uses only flowering characteristics to 
predict kernel set, without considering the amount of assimilate produced by the plant and 
with that the plant capacity for setting kernels. Fonseca et al. (2004) reported that when 
simulating kernel set in seed com production fields, there was a trend to overestimate kernel 
number by about 11 %. This value is close to the reduction in yield produced in inbreds by the 
effect of leaf removal reported by Hunter et al. (1973), suggesting that other plant factors, 
such as kernel abortion in response to leaf removal, are limiting kernel set. 
We tested whether integrating both source and sink limitations to estimate kernel set 
could improve the accuracy of kernel set estimation in seed com production fields. To do so, 
we evaluated a modified version of CERES-Maize that integrates both limitations to estimate 
kernel set (Lizaso et al., 2001; Lizaso et al., 2003 a). Comparisons are made between 
measured kernel set and simulated values generated by CERES-Maize, Flowering Dynamics 
Model of Lizaso et al. (2003a), and a modified version of CERES-Maize that includes the 
kernel set module of Lizaso et al. (2003a). 
Materials and Methods 
Plant Culture and Data Collection 
Data from two field experiments were used to evaluate the three kernel set models. 
The first experiment was conducted in 2003 at three locations, hereafter Field A, B and C. 
Fields A was located near Dysart, IA; Fields B and C were near Ames, IA. Planting pattern 
in Field A was 4:1-6:1 female: male. Fields B and C were planted in a 4:1 pattern. Weather 
information for plant growth simulation was obtained from Iowa Environmental Mesonet 
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(2004). Data for Field A was taken from Waterloo, IA 25 km north of the field. Weather data 
for Fields B and C was collected at Ames, IA, about 20 km to the southwest. The second 
experiment was conducted in 2004 at Fields D, E, and F. Fields D and E were located near 
Marshalltown, IA; Field F was near Ames, IA. The female male ratio was 4: 1 in all three 
fields. Weather information from the Iowa Environmental Mesonet was collected at 
Marshalltown, IA for fields D and E, around 15 km south of the production fields. For the 
field F, weather data was obtained at Ames, IA about 18 km southwest of the field. 
Different combinations of female and male inbreds were used in all fields (Table 1 ). 
Inbreds were grown using standard practices of the seed industry (i.e. population density, 
detasseling, fertilization, and pest management). Females were planted between April 28th 
and May 18th in 2003. During 2004, females were planted between May 3rd and May 16th. 
Delay practices between male and female parents were used only in field B during 2003, 
while in 2004 delay practices were used in all cases. 
The dynamics of pollen shed and silk emergence were quantified following the 
procedure described in Lizaso et al. (2003 a) and Fonseca et al. (2004). Briefly, the 
beginnings of silking and silk exsertion dynamics were used to estimate the amount and 
seasonal distribution of exserted silks on an area basis. Likewise, the beginning of shedding, 
average shed duration per tassel, and average pollen production per tassel were documented 
to quantify the temporal distribution of pollen shed. 
Inputs required by the flowering model are on the male side population density, male 
phenology, pollen production per tassel, average shed duration per plant. On the female side, 
model inputs are: population density, female phenology, and pattern of silk exsertion. The 
model also requires female to male ratio. Replicate samples for all the inputs were collected 
from three areas of about 100 m2 in each field. Replicate locations were placed at least 50 m 
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from the edge of the field, and were selected to reflect the average inbred development of the 
field. Distance among sampling areas was about 30 m. In each sampling area, 60 female and 
male plants were tagged around two weeks before flowering. 
Pollen Density 
The male inbreds used in this study varied in terms of pollen production per tassel 
and plant height (Table 1 ). Passive pollen traps were used to quantify the seasonal 
distribution of pollen production. They were placed in a female row in the middle of the 
female block, and were changed every day in 2003 and every other day in 2004 during the 
shedding period. Pollen density per cm2 was estimated using the method described by 
Fonseca et al. (2002). 
Kernel Set Measurements 
To evaluate the level of kernel abortion, kernel number per ear was determined in 
each female row at two developmental stages; 15 days after an.thesis (15D), and a second 
measurement at physiological maturity (PM). Ears were collected from the same areas where 
pollen and silk information were collected. In each replicate location, eight ears were 
collected from every other plant within a row at each developmental stage. Ear samples 
harvested at PM were collected from the same row and location as the l 5D samples. Only the 
ear was removed to avoid canopy damage. Because silks can be receptive for several days we 
decided to consider the an.thesis male parent as the cardinal point for evaluating kernel 
abortion. 
Data were analyzed by standard ANOV A and t-tests were used to determine 
significant (P <0.05) differences between kernel number per ear at different developmental 
stages. 
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Leaf Area 
Green leaf area per plant was estimated following Lizaso et al. (2003 b ). This 
procedure uses the length and width of the largest leaf documented around anthesis along 
with leaf number to calculate leaf area accumulation, maximum leaf area per plant, and leaf 
senescence (Lizaso et al., 2003 b ). Actual leaf senescence was estimated on a per leaf basis 
using a relative scale of 0, 10, 25, 50, 75, and 100% at three stages; at silking, two weeks 
after silking, and four weeks thereafter. Green leaf area was calculated as the difference 
between total leaf area and senescence leaf area. Calculated leaf area index (LAI, m2/m2) was 
compared to values simulated by CERES-Maize (see below). 
Biomass Measurements 
Above ground biomass was measured in 2004 around one week before flowering, at 
silking and two weeks after silking. Five plants were collected at each moment from the same 
location where flowering information was obtained. Plants were divided into, leaf, stem, and 
ears, and dried in a forced air oven at 65°C until constant weight, when dry weight was 
recorded. 
Kernel Set Simulations 
We compared measured kernel set with simulated values generated by CERES-
Maize, the Flowering Dynamic Model of Lizaso et al. (2003a), and a modified version of 
CERES-Maize that includes the kernel set module of Lizaso et al. (2003a). The generic 
version of CERES-Maize 3.1 estimates the potential grain per plant based on a linear 
relationship between the daily average IP AR during the critical period and kernel number 
(Lizaso et al., 2001). 
The Flowering Dynamics Model of Lizaso et al. (2003 a) estimates kernel set based 
on flowering characteristics of maize. Kernel set was accurately simulated by the model 
97 
when it was used with inbred lines (Fonseca et al., 2004). Briefly, the model describes 
mathematically the temporal distribution of pollen and silk on an area basis. Phenology data 
obtained in the field were used to estimate parameters required by the model. In all cases, 
data were fitted to equations by the least squares method using the solver tool in EXCEL 
(Microsoft® Excel 2002, Microsoft Corporation). These estimations are coupled with a 
relationship between kernel set and daily pollen shed (Bassetti and Westgate, 1994), and with 
a factor that accounts for the effect of prior fertilization within the ear (Carcova et al., 2000). 
The model estimates the potential kernel number on an area basis. 
We also used an experimental version of CERES-Maize modified as follows. The 
model averages IPAR during a defined thermal interval around the critical period (Otegui 
and Bonhomme, 1998). Potential kernel number is estimated from a curvilinear relationship 
between accumulated IPAR during this thermal window and kernels per ear (Lizaso et al., 
2001). A leaf area model (Lizaso et al., 2003 b) linked to this experimental version CERES-
Maize provides estimates of daily leaf expansion and senescence during the growing season. 
This modified version also has the algorithms described by Lizaso et al. (2003 a) to estimate 
kernel set based on flowering characteristics. Additional inputs were added to account for 
changes in canopy structure caused by detasseling and removing the male rows. 
This modified version of CERES-maize has the capacity to simulate at the same time 
the potential number of kernels based on the capacity of the plants to bear kernels (i.e. 
source), and the number of kernels that can be set based on flowering characteristics of the 
given pair of inbreds (i.e. sink). The model compares the two values for kernel set and 
accepts the lesser value for simulated kernel set. 
CERES-Maize uses six genetics coefficients, three related to plant development, two 
related to grain yield, and one controlling the rate of leaf appearance (Lizaso et al., 2001 ). To 
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estimate genetic coefficients we used the information collected from the fields. The modified 
version of CERES-Maize uses anthesis of the first male as a cardinal point. Silking date is 
estimated by using the anthesis-silking interval between the first male and female. 
Coefficients were adjusted until the anthesis date of the first male, measured in the field, 
matched with simulated values of anthesis. Number of leaves was obtained by changing 
genetics coefficients until simulated values were close to the number of leaves measured in 
the female parent in the field. A summary of genetics coefficients used during the 
simulations are presented in Table 2. 
·As mentioned above, previous studies have demonstrated that CERES-Maize 
simulated the mean grain yield with accuracy, but failed to simulate differences among data 
sets under different growing conditions. Flowering dates simulated in CERES-Maize do not 
have enough accuracy for simulating kernel set under pollen-limited conditions. It does not 
have the algorithms to estimate kernel set based on flowering characteristics. Consequently, 
CERES-Maize might not be able to predict kernel set accurately in hybrid seed production 
fields. To test this, we simulate kernel number using the three models mentioned previously 
(i.e. Ceres-Maize, Flowering Dynamics Model, and CERES-Maize modified) with a reduced 
set of data created by pooling the information obtained from each field. 
Although the Flowering Dynamics Model accurately predicts kernel set in a wide 
range of conditions (Fonseca et al., 2004), it does not consider the amount of assimilate 
produced by the plant and with that the plant capacity of bearing them. The modified version 
of CERES-Maize has the algorithms to estimate kernel set based on flowering characteristics 
(Lizaso et al., 2003 a). We evaluated the capabilities of this new version compared to our 
Flowering Dynamics Model, using simulations obtained from each field location and 
comparing them with actual data. To complete the simulation of kernel set, Modified 
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CERES-Maize evaluates whether source or sink capacity is the primary limiting factor, and 
then select the lesser value. We made this evaluation in two steps. The first step was to 
compare model outputs based only on potential sink limited estimation. That is, comparing 
the simulated kernel set of the Flowering Dynamic Model and Modified CERES-Maize 
based only on the flowering dynamics. The second step was to evaluate the improvement 
produced in kernel set simulation in Modified CERES-Maize when both, source and sink 
limitations, were included. 
Models Evaluation 
Mean square deviation (MSD) and its components, squared bias (SB), non-unity 
slope (NU), and lack of correlation (LC) were used to evaluate model accuracy. These 
parameters were calculated after Gauch et al. (2003) as follows: 
where 
MSD = L (Xn - y n>2 IN 
- - 2 SB=(X-Y) 
NU= (1- b)2 • (L x 2n IN) 
LC=(l-r2)• (LY 2n1N) 
X corresponds to the model values and Y correspond to the measured values, 
X and Y are the mean of the simulated and measured values, respectively. 
bis the slope of the least-squares regression 
N is the number of observations 
r2 is the square of the relationship between measured and estimated values 
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Results and Discussion 
In this study, we evaluated whether the estimation of kernel set by this experimental 
model improved the accuracy over simulations obtained with the model developed by Lizaso 
et al. (2003 a). We suspected that a model that considers both sink and source limitations to 
predict kernel set can probably improve current models accuracy 
CERES-Maize estimates potential kernels per plant based on a linear relationship 
between the average IP AR intercepted during a defined period around silking and kernel 
number. The model developed by Lisazo et al. (2003 a) uses flowering characteristics to 
estimate kernel number. The experimental version of CERES-Maize, simulates kernel 
number based on a curvilinear relationship between average IP AR and kernel number per 
plant. The latter model, however, also accounts for the unique aspects of a hybrid seed field 
canopy, which changes considerably before and after pollination. Among these variables are 
two crops with potentially different phenology managed to reach flowering at the same time, 
control of female pollen by detasseling, male row removal after pollination, which affects 
canopy structure, and various female:male ratios which affect pollen density. 
We measured the number of grains at two developmental stages to evaluate the 
magnitude of kernel abortion, 15 days after anthesis (15D) and at physiological maturity 
(Fig. 1 ). There were significant differences between developmental stages in four of the six 
fields used (P < 0.05). This indicates that the number of kernels could be limited by factors in 
addition to pollen amount in hybrid seed production. 
Detasseling usually reduced leaf area of the plant during the thermal window that is 
critic~l for defining kernel set. The fields used in our study were detasseled in average 88 (± 
35) growing degree-days (GDD) before silking. Thus, for all the studied fields detasseling 
occurred within the critical period defined by Otegui and Bonhmome (1998). Several studies 
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(Hunter et al., 1973; Vasilas and Seif, 1985; and Wilhelm et al., 1995) have demonstrated the 
impact of leaf removal on yield in maize inbred lines. 
Similar to the report of Fonseca et al. (2004), our simulations based on flowering 
characteristics tended to overestimate kernel set by about 4% (Table 3). Yet, the proportion 
of aborted kernels was around 7%, which suggest that kernel abortion in response to leaf 
removal could be one of the factors producing the overestimation. A reduction in leaf area 
might affect the amount of intercepted irradiance per plant during the flowering period 
limiting the source strength of the plant and the amount of dry matter produced by the crop 
(Tollenaar, 1977; Andrade et al., 1999). If so, this apparent source limitation would explain 
why kernel set simulations based on flowering dynamics tended to over-predict measured 
kernel set (Table 3). 
The mean of simulated values of kernel set with CERES-Maize were 10% less than 
the measured values (Table 3). CERES-Maize also failed to simulate kernel set differences 
among fields (Figure 2). Both the Flowering Dynamics Model and the Modified CERES-
Maize showed smaller differences between simulated and measured values of kernel set. 
Differences between mean of simulated values and measured values of kernel set were +4% 
for the Flowering Dynamic Model and + 1 % for Modified CERES-Maize. Both models also 
showed smaller values of MSD compared to CERES-Maize (Fig.3). Both the Flowering 
Dynamics Model and Modified CERES-Maize reduced MSD to around 68% compared to 
about 195% for CERES-Maize. Evidently, CERES-Maize does not have the appropriate 
options required for simulating the growing conditions occurring in a typical seed com 
production field (i.e. flowering occurring in different parents, detasseling, and male removal 
after pollination). Rasse et al. (2000) working with CERES-IM reported differences between 
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mean of simulated values to the measured values of grain yield around 4%. The new version 
that we are presenting here is more accurate compared to CERES-IM. 
Simulation of the source capacity is essential for simulating accurately kernel set in 
hybrid seed production fields. To do so, a model needs to predict the active leaf area of the 
canopy during the season to effectively estimate crop photosynthesis. We compared model 
outputs of green leaf area to calculations of green area made at different times. The green leaf 
area simulated by Modified CERES-Maize closely followed the measured values (Fig. 4). 
The figure shows the peak around flowering, a first drop in leaf area produced by detasseling 
and a second and more important reduction originated from a reduction in population 
produced by the male removal. It is noteworthy that the leaf area module in CERES-Maize 
predicted green leaf area in the inbreds with great accuracy, even though it was developed for 
hybrids. 
Daily crop growth estimated by CERES-Maize is based on the amount of radiation 
intercepted by the crop and a radiation use efficiency (RUE) factor to convert solar energy 
into dry matter (Ritchie et al., 1998). We compared the amount of dry matter produced by the 
crop simulated by the model to field measurements of biomass. The model followed the 
general trend of dry matter production (Fig. 5). However, simulated values tended to 
overestimate biomass production in Field D and E. In field F model estimation was closer to 
the measured biomass. Modified CERES-Maize uses a value of RUE of 4.2 g MT1• This 
value considers both above ground and below ground biomass components. Chapmann and 
Edmeades (1996) working with tropical inbred lines in Mexico found differences in RUE 
among inbreds. Although the values of RUE in that study considered only the above ground 
biomass, they demonstrated the significant variability between inbreds. They reported mean 
values of 2.2 g Mr1 , while the best inbred was around 2.6 g Mr1 and the worst inbred was 
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around 1.9 g MJ-1• Reliance on a single RUE value developed for hybrids might explain the 
difference between simulated and measured biomass in different inbred lines. 
The Flowering Dynamics Model has accurately simulated the flowering process 
predicting kernel set in a wide range of conditions (Fonseca et al., 2004), however it does not 
consider the amount of assimilate produced by the crop. To study in more detail the 
capabilities of the modified version of CERES-Maize compared to our Flowering Dynamics 
Model, we evaluated simulations obtained from each field location with measured data. To 
complete the simulation of kernel set, Modified CERES-Maize evaluated whether source or 
sink capacity was the primary limiting factor. Therefore, our approach was to make this 
comparison in two steps. The first step was to compare model outputs based only on potential 
sink limited estimation. That is, comparing the simulated kernel set of these two models 
based only on the flowering dynamics of the given inbred pair. The second step was to 
evaluate the improvement produced in the modified version of CERES-Maize when both 
source and sink limitations were included to estimate kernel number and comparing it with 
our Flowering Dynamics Model. 
The results, considering only sink limitations, showed that the Flowering Dynamics 
Model predicted kernel set with consistent accuracy (r2 = 0.86, MSD 1449) over a wide range 
of kernel yields (Fig. 6). In agreement with results previously reported by Fonseca et al. 
(2004), the model showed a trend to overestimate kernel number by 8% on average (Table 
4). Modified CERES-Maize also over estimated kernel set on average 4% but tended to 
overestimate kernel number at the low range of kernel set and underestimate it in the high 
kernel set range (r2 = 0.67 MSD 3915). Modified CERES-Maize predicted kernel set with 
less accuracy (Fig. 7). The Flowering Dynamics Model had smaller LC values, which 
indicates a closer relationship between measured and simulated values. It also has smaller 
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NU and SB values, which probably reflects its greater accuracy when simulating the 
flowering process. The Flowering Dynamic Model under sink limited conditions simulated 
kernel set with greater accuracy compared to Modified CERES-Maize. 
When including both, source and sink limitations in Modified CERES-Maize, there 
was an improvement in the simulated number of kernel by Modified CERES-Maize (r2 = 
0. 76, MSD 3045). The model simulated two fields as source limited, Field E and F (Table 4). 
However, the improvement produced in the modified version of CERES-Maize when both 
source and sink limitations were included was small, suggesting that the main limitation of 
this new version is in the way that the flowering dynamic was being simulated. 
The Flowering Dynamics Model uses measured phenology data for both inbreds from 
each field, Modified CERES-Maize estimates the dynamics of flowering process based on 
the data of male inbred anthesis. Female inbred silking dynamics are initiated relative to 
anthesis and the Anthesis Silking Interval (ASI). The ASI is a model input and transformed 
into growing degree-days (GDD) by the model. An accurate calculation of ASI is critical for 
pollen limited conditions like those typically prevalent in hybrid seed production, because it 
may affect kernel set predictions greatly (Fonseca et al., 2004). That is why accurate weather 
information is key for estimating ASI in Modified CERES-Maize. 
As mentioned above, the way that the seasonal distribution of pollen shed and silk 
exsertion are simulated is affecting the accuracy of Modified CERES-Maize. To evaluate 
this, we compared the seasonal distribution of pollen shed obtained with pollen traps and 
simulated by the Flowering Dynamic Model and Modified CERES-Maize. In some of the 
fields used in this study, for instance Field A (Fig. 8), it was not possible to adjust genetic 
coefficients, and the simulated anthesis date did not match with the one measured in the field. 
This affected the ability of Modified CERES-Maize to simulate the exact seasonal 
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distribution of pollen density (Fig. 8). Genetics coefficients, Pl and PHINT, were adjusted in 
an attempt to match both an.thesis date for the male and leaf number of the female parent. A 
major limitation in this regard is that Modified CERES-Maize simulates male and female 
inbred growth as a single crop. It is likely that better results would be obtained if the female 
inbred and male inbred were grown independently, and then merged at flowering. In effect, 
this is how the Flowering Dynamics Model functions to calculate kernel set. Simulating both 
male and female separately within the modified CERES-Maize would clearly have some 
advantages when male and female inbred present different plant structures (e.g. when the 
male has more leaves number compared to the female). By having two models working in 
parallel, one for each inbred parent, this problem can probably be minimized. These inbred 
development models should interact at pollination, and then once kernels are set, they should 
separate again. 
The Modified CERES-Maize provides new options not previously considered for use 
in hybrid seed production (Rasse et al., 2000). Among these options are the capacities to 
simulate male and female parents flowering dynamics and incorporate changes in canopy 
structure resulting from standard seed practices of detasseling and male row removal. 
Although the inherent phenology algorithms limited its accuracy for simulating kernel set 
compared to the Flowering Dynamics Model, the Modified CERES-Maize provides the 
framework for assessing source and sinks limitations for kernel set simultaneously. For the 
fields examined in this study, kernel set was limited by source in the case of Field A, C, D, 
and E. And by sink formation in Field Band F. This knowledge will be directly applicable to 
developing improved management procedures for hybrid seed production. 
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Table 1. Characteristics of male and female inbreds grown in commercial seed fields in Iowa 
during 2003 and 2004. 
Field Population density 
Female:Male 
Pollen production ASit Male height Total leaves Leaves removed 
ratio with dettasseling 
Female Male 
Pollen grains X 
Elant ha -I Rows 10 6 tassel -I GDDt cm leaves Elanr1 leaves Elanr1 
A 84423 94532 4:1-6:1 2.4 0 209 19 2.8 
B 75534 71982 4:1 5.5 43 204 18 2.5 
c 73649 82348 4:1 3.9 43 197 19 2.8 
D 74533 71000 4:1 3.1 17 194 19 2.8 
E 87033 91750 4:1 2.5 -16 180 19 3.8 
F 77044 89750 4:1 2.6 -9 197 19 3.0 
t Anthesis Silking Interval 
t Growing degree days with base temperature 8 •c 
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Table 2. Genetic coefficients and growth parameters used with CERES-Maize and its 
modified version. Pl is the thermal time from seedling emergence to the end of juvenile 
phase. P2 is the extent to which development is delayed for each hour of increase in 
photoperiod. PS is the thermal time from silking to physiological maturity. G2 is the 
maximum kernel number per plant. PHINT is the Phylochron interval in thermal time. 
Field Pl P2 PS G2 G3 PRINT 
°Cd d h-1 °Cd kernels mg see d-1 d-1 °Cd 
A 220 0.3 770 507 8 49 
B 250 0.3 805 635 8 53 
c 260 0.3 760 685 8 50 
D 255 0.3 780 554 8 49 
E 155 0.3 895 450 8 39 
F 190 0.3 895 554 8 42 
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Table 3. Simulated and measured values of kernel set using different models. 
Field Actual Data CERES-M . Flowering 
CERES-Maize 
Abortion atze Model Modified 
Simulated I Measuredt 
Kernel female ha x 106 % % 
A 18.4 117.0 114.0 114.0 11.0 
B 31.6 89.0 94.0 88.0 0.1 
c 31.2 98.0 102.0 97.0 5.0 
D 29.2 76.0 106.0 97.0 10.4 
E 24.5 80.0 91.0 94.0 3.2 
F 26.0 85.0 115.0 111.0 9.3 
Average 26.8 90.8 103.7 100.2 6.5 
t Simulated and measured kernel female ha x 106 
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Table 4. Measured and simulated number of kernels per female hectare. Simulated values of 
kernel set were obtained using two models, Flowering Dynamic Model and CERES-Maize 
modified. Modified CERES-maize has the capacity to simulate at the same time the potential 
number of kernels based on the capacity of the plants to bear kernels (i.e. source), and the 
number of kernels that can be set based on flowering characteristics of the given pair of 
inbreds (i.e. sink). The model compares the two values for kernel set and accepts the lesser 
value for simulated kernel set. The flowering model was compared with both values of kernel 
set estimated by CERES-Maize to evaluate improvement opportunities. 
Field Actual Data Flowering Model 
CERES-Maize Modified. CERES-Maize Modified. 
Sink Sink and Source 
Kernel female ha x 10 6 Simulated kernel female ha x 10 6 
A 20.1 21.7 21.7 21.7 
A 16.1 20.8 21.0 21.0 
A 19.0 21.5 21.6 21.6 
B 30.1 33.7 28.1 28.1 
B 32.7 33.9 31.1 31.1 
B 31.9 33.6 29.2 29.2 
c 30.5 33.7 30.7 30.7 
c 32.1 33.6 31.4 31.4 
c 30.9 33.7 30.5 30.5 
D 26.8 29.5 28.9 28.9 
D 29.8 30.1 28.3 28.3 
D 31.2 30.7 28.9 28.9 
E 25.0 24.6 26.0 23.2 
E 24.8 25.5 26.4 23.2 
E 23.6 25.0 26.1 23.2 
F 27.2 30.0 30.9 28.9 
F 23.4 30.l 30.9 28.9 
F 25.9 29.9 31.0 28.9 
Avera~e Sinrulated/ Measured 8.3% 4.4% 1.4% 
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Figure 1. Kernel set was measured 15 days after anthesis (15D) and at physiological 
maturity (PM). Stars indicate where significant differences (P < 0.05) between 
developmental stages were detected. 
115 
- 40 0 CERES-Maize co 0 ->< 0 Flowering Model ~··· Cl 30 ~ 0 .r:. e CERES-Maize M>dified -·• LL ii -'5 
_/~ D U) i D a; 20 D 
E 
~ 
CERES-Maize, r2 = 0.52, MSC>= 19.5 "C 
.! 10 
Cl Kernel set model, r2 = 0. 76, MSC>= 6.3 :; 
E 
CERES-Maize modified, r2 = o.n. MSC>= 6.2 ti) 
0 
0 10 20 30 40 
Measured Kernel Set (Fha X 106) 
Figure 2. Comparison between measured and simulated kernel number per female hectare 
(Fha) using three models. Six fields were used for doing the simulations, three during 2003 
and the remaining during 2004. Simulations were performed by pooling data from sampling 
areas. The dashed line represents the 1 : 1 relation. 
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square bias (SB). Simulated number of kernels was obtained with CERES-Maize, a flowering 
model developed by Lizaso et al. (2003), and Modified CERES-Maize. 
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Figure 4. Simulated leaf area index (LAI) by CERES-Maize modified (line) and calculated 
from field data (points). 
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Figure S. Simulated dry matter production (lines), and measured in the field. Five plants 
were sampled for estimating biomass. Samples were taken around one week before 
flowering, at silking and two weeks after silking. Bars indicate± SE. 
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Figure 6. Relationship between measured and simulated kernel production using the 
flowering model and CERES-Maize modified. Six fields were used for performing the 
simulations, three during 2003 and the remaining during 2004. The dashed line represents the 
1 : 1 relation. 
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Figure 7. Mean squared deviations between predicted and observed kernel number per 
female hectare and its components: lack of correlation (LC), non-unity slope (NU), and 
square bias (SB). Simulated number of kernels was obtained with a flowering model 
developed by Lizaso et al. (2003 a), and CERES-Maize modified. The experimental version 
was analyzed considering sink kernel set estimation (middle), and both source and sink 
(right). 
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Figure 8. Measured and simulated seasonal dynamic of pollen shed intensity for the fields 
used in this study. 
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CHAPTER 6. GENERAL CONCLUSION 
Achieving adequate pollination in seed com production is critical to obtain maximum 
seed production per hectare, but also to obtain seed genetically pure. In the recent years, due 
to changes in the seed industry, the life cycle of a hybrid has become shorter. The 
development of a model to help field managers produce seed has become necessary. 
However, the inputs required for these models are difficult to obtain limiting their use. 
A method to estimate the dynamic of silk exsertion, one of the inputs required by 
flowering models, is presented. This technique provides a fast and reliable approach to 
estimate the number of silks during the progress of silk exsertion. The method will be useful 
for making more information available on flowering dynamic of given inbreds to improve 
inbred management in seed production fields. This method might also be helpful in studies 
aimed to evaluate genotype responses to environmental conditions during flowering. 
A reduction in plant density and a difference in the amount of radiation intercepted by 
plants placed outside the female block are important changes produced in the canopy with 
male removal. These results indicate that variation in kernel number across rows within the 
4-row female block was not related to pollen amount. Rather, increased radiation intercepted 
per plant after male inbred removal limited kernel loss in the outer two rows of the female 
block. 
We evaluated an experimental version of a model that integrates both sink and source 
limitations for estimating kernel set. Although it did not provide higher levels of accuracy 
compared to the flowering model, it provides the framework for assessing source and sink 
limitations for kernel set simultaneously. This knowledge will be directly applicable to 
developing improved management procedures for hybrid seed production. 
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